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Abstract
Applications of the Atomic Force Microscope within the fields of Haematology and
Cytogenetics
Atomic force microscopy [AFM] has become a rapidly developing interdisciplinary field of
research in recent years. The technique, including instrumentation and specimen
preparation methods, is now more sophisticated and its application has increased
dramatically. The key advantage of AFM is in providing three-dimensional images of
samples imaged. Both size and shape of samples imaged can be obtained allowing their
subsequent quantification. Red blood cells [RBCs] and chromosomes were imaged in this
work. A brief overview of the current status of biomedical AFM, has been presented in the
review.
Measurement of mean cell volume [MCV] of immobilised red blood cells with the AFM
was studied in this project. This parameter increases in value, once a blood sample is taken.
Thus, accuracy of the MCV result depends on how soon the hospital laboratory measures
the sample. The advantage of measuring MCV with the AFM, is that once an EDTA blood
film is made and fixed, soon after taking of the sample, the AFM can measure MCV at any
time. Results from automated analysers can be ambiguous, e.g. macrocytosis in a blood
film can give a normal MCV, especially when the RBCs are thinner than normal.
MCVs were obtained for immobilised RBCs [immobilised mean cell volume, IMCV] with
the AFM, and compared with the mobile RBCs measured with the automated hospital
analysers. Though the diameter of RBCs decreases to about one-third of its original value,
the results of the AFM follow the trends in MCV values.
Many clinical disorders are diagnosed from the morphology of RBCs. The AFM can give
surface topography of the RBC thus allowing diagnosis of morphological abnormalities.
Chromosomes were also imaged with the AFM, and using line analysis both normal and
abnormal human metaphase chromosomes were karyotyped.
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Chapter 1
A Review of the Atomic Force Microscope and its applications;
with emphasis on Red Blood Cells and Chromosomes

1.1 Introduction
The atomic force microscope [AFMj has proven to be an enabling technology within the
medical laboratory science field, providing a whole new perspective with seemingly
endless scope for its application. In this project, the application of the AFM within the
haematological and cytogenetic fields was studied with specific emphasis on the
quantification of red blood cells and chromosomes. The general aims of the project were to
immobilise, image and then quantify images of both red blood cells and chromosomes with
the AFM. The specific quantificative objectives were to investigate the feasibility of:
•

determining the mean cell volume [MCV] of red blood cells;

•

karyotyping normal and abnormal human metaphase chromiosomes.

The atomic force microscope, also known as the scanning force microscope [SFM], was
invented in 1986 by Binnig and Quate (Binnig et ai, 1986) and is an instrument which
images surface topography by sensing the interactive forces between a sharp tip and a
sample’s surface. It has the ability to achieve high spatial resolution (sub-nanometre) in air,
vacuum and liquid and to probe the mechanical properties of a sample at the nanometric
scale, thus making this instrument of increasing interest for the study of biological
specimens. The number of AFM articles published per year in this particular field has
grown exponentially (Flansma, 1996) with several types of biological material having been
explored (for reference, see review articles: Rugar and Hansma, 1990; Bustamante et al,
1994; Lai and John, 1994; Parrat et ai, 1994; Bustamante and Keller, 1995; Louder and
Parkinson, 1995; Shao et ai, 1996). Selected biological applications are presented here to
illustrate the scope and potential of the AFM within the field of biology.
In the first part of this review, a brief history of the AFM is presented. The general working
principle and components of the instrument and its different imaging modes are then
outlined. AFM applications can be classified into a number of categories. Here, they are
1

divided into imaging and non-imaging applications. Advances in AFM applications include
imaging of motion and processes while non-imaging advances include: the use of force
curves to measure intermolecular forces; force mapping; and measurements of protein
motion.
Biological samples imaged with the AFM for this thesis were red blood cells and
chromosomes. Structure, abnormalities and analysis techniques available for each were
outlined. A review of the literature with regard to AFM work performed on each area was
also outlined.

1.2 Scanning probe microscopy
Detailed features of solid surfaces were first imaged in the late

century by optical

microscopy using high quality glass lenses. Higher magnification instruments, based on
electron and ion beams, using electrostatic and electromagnetic lenses, were only
developed during the 20^^ century. The development of near-field microscopies during the
last two decades has resulted in a new class of lens-less instrument known as the Scanning
Probe Microscope [SPMj, with the AFM being the most widely used of these new devices.
Free from the lens aberrations and the diffraction limits of far-field techniques these
microscopies offer even higher magnifications as illustrated in Table 1.1. Furthermore,
SPM images are generated from three-dimensional measurements of the surface unlike
other microscopies where the contrast data is not an actual height measurement. In
addition, there are no operating environment restrictions for SPM and it is generally non
destructive.

Table 1.1
Magnificatioi
Factor

Operating Type of Image
Environment
Medium
Air, Liquid
2-D

Damage to
Sample

Optical

10^

Laser Scan

10^

Air

2-D

Minimal

Ion Beam

10^

Vacuum

2-D

Severe

SEM

lo'’
lo"

Vacuum

2-D

Some

Liquid,
Vacuum, Air

3-D

Minimal to
none

SPM

None

Microscope characteristics

Credit for the development of scanned probe microscopy goes to the inventors of the
scanning tunnelling microscope ISTMj. They were Gerd Binnig and Heinrich Rohrer
(Binnig and Rohrer, 1982), scientists at the IBM Research Centre in Zurich, Switzerland,
who shared the 1986 Nobel prize for Physics with Ruska, the pioneer developer of electron
microscopes. The STM was quickly followed by the invention of the atomic force
microscope (Binnig et al, 1986; Quate, 1994) and other scanning probe microscopes. The
AFM relies on a mechanical probe for the generation of magnified images and is operable
in ambient air, liquid or vacuum resolving features of a surface in three dimensions down
to the nanometre level (Hansma et ai, 1988; Rugar and Hansma, 1990). Depending on the
interaction(s) responsible for the formation of the image, the data obtained does not
necessarily reflect the material surface as defined by the Van der Waal’s radii of the
relevant atoms (Hansma and Tersoff, 1987; Martin and Wickramasinghe, 1987; Lindsay,
1993). In addition to electron tunnelling [STM], many physical principles have been used
for imaging. These include photon tunnelling with a fiber-optic tip (scanning near-field

optical microscopy [SNOMJ) (Durig et ai, 1986; Shalom et al, 1992; Betzig et al, 1992;
Betzig and Chichester, 1993; Akamine et al, 1996), magnetic interaction with a
magnetized probe (magnetic force microscopy) [MFM] (Saenz et al, 1987; Martin and
Wickramasinghe, 1987; Grutter et al, 1992), the friction force microscope [FFMJ
(Ovemey et al, 1992; Germann et al, 1993), the electrostatic force microscope [EFMJ
(Saurenbach and Terris, 1990; Leng and Williams, 1994), the scanning ion-conductance
microscope, the scanning electrochemical microscope (Wickramasinghe, 1989) and ionic
conduction with a glass pipette (Hansma et al, 1989). Different methods can also be
combined such as STM/AFM (Yamada et al, 1988), AFM/MFM, AFM/FFM, SNOAM
[scanning near-field optic/atomic force microscopy] (Muramatsu et al, 1996). Spatial
resolution is dependent on the geometry of the tip and the nature of the interaction and
varies from micrometres down to about 0.1 nm depending on the technique. Amongst this
ever-expanding family, STM and AFM are the most widely applied techniques.

1.3 Scanning tunnelling microscope
In the scanning tunnelling microscope the probe is a sharp metallic tip that is brought
extremely close to an electrically conducting sample with a small voltage bias present.
When the probe tip almost touches the sample, a current flows between the two even
though there is no actual physical contact. The electrons that flow between the tip and the
sample are said to be “tunnelling”. The flow of electrons is exquisitely sensitive to the
distance between sample and probe, increasing as the two come closer and decreasing as
they move apart. A set of piezoelectric crystals, which change shape according to the
voltage applied to them, is used to scan the tip in a raster across the sample and also to
move the tip up and down. (A raster is a pattern in which an area is scanned from side to
side in lines from top to bottom). Since the current that tunnels across the gap between the

sample and the tip is a sensitive indicator of how far the tip and the sample are from each
other, one can thus map out the sample’s surface topography.
The STM has already become a useful tool in surface science due to its ability to
characterize the surfaces of metals and semiconductors in ‘real-space’ on an atomic scale
(Binnig and Rohrer, 1982). Discoveries made include the observation of surface growth
and corrosion, the direct detection of bulk charge-density waves and structural studies of
carbon fullerenes (Li et al, 1991; Oppenheim et al, 1991; Burk et ai, 1992; Lamb et al,
1992; Koguchi et ai, 1995). The first STM images of a biological sample, DNA, were
published only a few years after the invention of the STM (Amrein et ai, 1989; Arscott et
ai, 1989; Cricenti et ai, 1989; Dunlop and Bustamante, 1989; Lindsay et al, 1989;
Driscoll et ai, 1990). Artifacts arising from the substrate and an inability to understand the
contrast formation in these non-conductive structures undermined the validity of STM
images (Clemmer and Beebe, 1991; Heckl and Binnig, 1992) for some time. One of the
main application limitations of STM is the requirement of sample conductivity.

1.4 Atomic force microscope
In 1985, Gerd Binnig got the idea for the atomic force microscope whilst he was in
California, on leave from IBM’s Zurich research laboratory. As he lay on the floor of his
house, he noticed the subtle structure of the ceiling which reminded him of the topography
seen in scanning tunnelling microscope images. “He wondered why the surface must
always be imaged with a current; why not a force?” (Rugar and Hansma, 1990). In 1986
Binnig and co-workers Quate and Gerber proposed a new type of microscope which could
overcome the limitations of STM and allow insulating samples to be imaged (Binnig et ai,
1986). Instead of measuring tunnelling currents between a probing tip and sample, the
authors suggested measuring forces on an atomic scale.

The force sensor of the AFM is composed of a probing tip mounted on a flexible cantilever
and a detection system that can monitor the motion of the cantilever. Interaction forces
between the tip atoms and the specimen atoms cause the cantilever to deflect. Movement of
the cantilever causes a reflected laser beam to move across the face of a four segment photo
detector. The difference in light intensity on the four segments enables the vertical and
lateral movements of the cantilever to be measured. A feedback mechanism provides a
controlled relative movement between the sample and the tip, allowing topological
information to be obtained sequentially by scanning either the tip or the sample
(Wickramasinghe, 1989; Rugar and Hansma, 1990).
As the spring constant of typical contact mode AFM cantilevers (0.01-1 N/m) is m.uch
smaller than the intermolecular vibration spring constant of the atoms in the specimen (10
N/m) (Lai and John, 1994), the applied force can be kept well below the force which would
disturb the atoms from their sites, while still achieving measurable cantilever deflections.
High spatial resolution can be more readily achieved if the microscope is operated in liquid
or in vacuum, since the strong capillary forces arising from the thin liquid film present on
all samples in air are absent. Insulators, semiconductors and electrical conductors can be
studied with the AFM.
A breakthrough came in 1992 when Bustamante and co-workers published the first
credible DNA images using a commercial AFM in air (Bustamante et al, 1992; Vesenka et
ciL, 1992a), with a resolution comparable to that of conventional electron microscopy
(Kleinschmidt, 1968). Several other reports of DNA were also published with similar or
different preparatory methods and a similar resolution (Hansma et al, 1992; Henderson,
1992; Lyubchenko et al, 1992b), lending strong support for the validity and reproducibility
of AFM. These results indicated that it was not the AFM that was responsible for
application difficulties, instead specimen preparation methods held the key to success

(Yang et al, 1993a; Bustamante et ciL, 1993, 1994; Hansma and Hoh, 1994; Morris, 1994;
Lai and John, 1994; Shao and Yang, 1995; Shao et ai, 1995; Yang and Shao, 1995). The
emphasis of biological scanning probe microscopy has now almost entirely shifted to
AFM.
Apart from being applied to different materials, the AFM instrument is being continuously
improved. New detection methods, microfabrication of the force sensor and incorporation
of the microscope into environments such as liquids, vacuum, and low temperature (Kirk et
al, 1988; Prater et al, 1991; Mou et al, 1993) are examples of the various modifications
the instrument has undergone. A typical commercial AFM, the TopoMetrix Explorer, is
shown in Figure LI. This instrument is of the scanned cantilever type and can operate in
air or liquid.

Figure LI

The 'TopoMetrix Explorer’ atomic force microscope.

1.4.1 Instrumentation
The AFM contains the five key components illustrated in Figure 1.2:
•

a shaip tip mounted on a soft cantilever spring;

•

a way of sensing the cantilever’s deflection;

•

a feedback system to monitor and control the deflection (the interactive force);

•

a mechanical scanning system (usually piezoelectric) that moves the sample under the
tip (or the tip over the sample) in a raster pattern;

•

a display system that converts the measured data into an image (Rugar and Hansma,
1990).

The tip is the heart of the microscope and is positioned at the end of a soft cantilever. The
tip is raster scanned in the xy-plane across the sample, with the vertical position of the
sample (z) also being monitored. As the tip encounters elevation changes on the sample
surface the cantilever deflects. Usually this deflection is detected and amplified using an
optical lever (Meyer and Amer, 1988; Alexander et ai, 1989). A laser beam reflects off the
cantilever onto a segmented photodiode. This detects the changes in cantilever deflection
as changes in the distribution of laser light between the photodiode segments. In order to
image the sample gently, a small cantilever deflection must be maintained. A feedback
loop that adjusts the height of the sample under the tip (or the tip over the sample) keeps
the cantilever deflection, and thus the force, at a small value. Height (z) changes and raster
scanning in the .x and y directions are all accomplished with a piezoelectric ;cyz-scanner.

Figure 1.2
Means of sensing
the vertical
position of the tip

A coarse
positioning
system to
bring the tip
into the
general
vicinity of
the sample

A computer system that
drives the scanner, measures
data and converts the data
into an image

Schematic of a generalised AFM (After Park Scientific Instruments, 1993)

1.4.1.1 Scanner
Scanning is achieved using piezoelectric translators. In the instrument depicted in Figure
1.2 the sample is positioned on top of a four-segment piezoelectric tube and scanned under
a fixed tip, which is the case for many AFMs. Free-standing AFMs (such as the
TopoMetrix Explorer) mounted on the top of an inverted optical microscope have been
developed and are useful for observing biological samples (Putman et al., 1992a). The
sample is stationary in such a set-up and the tip, which is mounted on a piezo tube, scans
across the sample (Hansma et ai, 1994b; Vesenka et al,

1995). Simultaneous

measurements such as fluorescence or confocal optical microscopy can also be carried out
when the sample is stationary (Henderson and Sakaguchi, 1993; Putman et ai, 1993a;
Schabert et al, 1994).

1.4.1.2 Cantilever and tip
When Binnig and his co-workers calculated the forces between atoms they discovered that
they could easily make a cantilever with a spring constant weaker than the equivalent force
between atoms. Vibrational frequencies (0 of atoms bound in a molecule or crystalline solid
are lO’^ Hz or higher. This combined with the mass of the atoms, of order 10'^^ Kg, gives
an interatomic spring constant

K

(given by

(O^m)

of about 10 N/m (Rugar and Hansma,

1990). The cantilever determines the force that is applied to the sample during the scan.
Force is determined from the deflection of a spring cantilever by using Hookes Law (i.e. F
= -k\ where k is the ‘spring constant’ and x is the displacement of the cantilever).
Depending on the application and imaging mode used, cantilevers with spring constants
varying from about 30 N/m down to 0.01 N/m are commercially available. The original
atomic force microscope used a handmade cantilever spring, formed from a piece of gold
foil approximately 1 mm long. Glued to the foil was a small diamond stylus which served
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as the tip. Presently, AFM cantilevers are microfabricated from silicon, silicon oxide or
silicon nitride using photolithographic techniques (Albrecht and Quate, 1988; Albrecht et
ai, 1990). Cantilevers manufactured from polymeric (Pechmann et al, 1994) or
piezoelectric (Giessibl and Trafas, 1994) materials have been reported by some groups.
These are useful in biology, where low forces are required to avoid damaging the sample or
in an ultrahigh vacuum where a simple cantilever detection system is desirable. Cantilevers
are designed with dimensions of ~ 100 - 200 /xm in length, -10-20 /xm in width and - 0.5
/xm in thickness (Frommer, 1992). It is advantageous to make them small to avoid low
resonance frequencies and to reduce their thermal noise characteristics. Spring constant and
resonant frequency are two important properties of the AFM cantilever:
•

Spring Constant
This sets the force needed to deflect the cantilever by a set amount. It is determined by
the material used to construct the cantilever together with the cantilever’s dimensions.
Maximum deflection for a given force requires a soft spring. However, a stiff spring
with high resonant frequency is required to minimize sensitivity to vibrational noise. In
conventional “contact” AFM, a very weak cantilever is used to minimise damage to the
surface and spring constants are generally in the range of 0.01-1 N/m.

•

Resonant frequency
A cantilever which is moved from its equilibrium position and released will oscillate at
its “resonant frequency”. This is determined by the mechanical properties of the
cantilever. A stiff cantilever (i.e. a high spring constant) will resonate at a higher
frequency than a weak cantilever. The resonant frequency depends on the material and
physical dimensions of the cantilever. In non-contact AFM, the frequencies of
cantilevers used vary from about 15 kHz to greater than 500 kHz. Resonant frequency.
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/, of the spring system is given by: f = (1/2) {k/Mo ) where k - spring constant and Mo
= effective mass that loads spring (Binnig et ai, 1986).
Spatial resolution of the instrument is also determined by the shape of the tip, with a
sharper tip giving better resolution. The sharpest tips available have radii of curvature 5-10
nm and are typically manufactured by growing a carbon tip in an electron microscope
(Keller et al, 1992b; Schiffmann, 1993; Walters et ai, 1994) or by oxide sharpening
(Akamine and Quate, 1992). Regardless of the sharpness of the tip some surface structures
can be hidden from it as illustrated by the ‘invisible region’ of Figure 1.3. The image
produced by the AFM is a convolution of the tip shape and the sample, and depending on
the fidelity required, image deconvolution may be necessary (Fuchs et ai, 1995;
Markiewicz and Goh, 1995; Miller et ai, 1995). The inability of the conventional AFM to
access re-entrant regions cannot be overcome by deconvolution. Instead, new instrument
designs are necessary. Only one manufacturer offers an AFM that can access re-entrant
regions (Veeco Instruments Inc.).

Figure 1.3

Image ^

Sample
Invisible Region

Re-entrant region
A schematic representation of tip-sample interaction showing that only the uppermost
parts of the sample are imaged accurately. The tip, which is very sharp, is scanned above
the sample and the image is a convolution of the geometry of the tip and the sample.
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1.4.1.3 Deflection sensors
The deflection sensor of the AFM is the component which detects the cantilever’s
movements. Ideally, the sensor should be of sub-nanometre sensitivity and should exert
negligible force on the cantilever. Electron tunnelling, interferometric and capacitance
detection systems have been used to monitor cantilever motion (Sarid, 1991), with the
optical lever technique being the most commonly used (Meyer and Amer, 1988; Alexander
et al., 1989).
•

Electron Tunnelling
This was the method used by Binnig (Binnig et al, 1986) in the original AFM. The
resolution of the sensor was found to be sufficient to achieve atomic resolution
(Albrecht and Quate, 1988). However, it had the disadvantage that its performance can
be degraded if the tunnelling surfaces become contaminated.

•

Interferometry
In this technique the phase of laser light reflected off the back of the cantilever is
measured (Prater et al, 1990). One of the main advantages of interferometry is that it
can be used with cantilevers that do not have a mirror-like reflecting surface. This is
important for magnetic and electrostatic imaging which often use fine wire cantilevers
(Erlandsson et al, 1988).

•

Capacitance
These methods are less common than optical methods. However, their potential
sensitivity and the integration of the detector plus cantilever, appearing to be simpler
than in optical methods, makes them attractive for future developments.

•

Laser Beam Deflection / Optical Lever Technique
As the tip encounters elevation changes on the surface, the cantilever deflects. An
optical lever is typically used to detect and amplify the deflection (Meyer and Amer,
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1988; Alexander et ai, 1989; Yang et ai, 1992; Park Scientific Instruments, 1993), i.e.
a laser reflects off the very end of the cantilever onto a segmented photodiode that
detects the changes in cantilever deflection as changes in the ratio of laser light in the
photodiode segments.
A position sensitive detector [PSD] photodiode monitors the position of the reflected
beam. The deflection of the cantilever can be calculated from the difference in light
intensity on the four sectors (Marti et ai, 1988; Meyer and Amer, 1990). The difference
in intensity between the upper and lower halves of the diode divided by the total
intensity gives a direct measure of the vertical deflection of the lever. The difference in
intensity between the left and right halves of the diode divided by the total intensity
gives a direct measure of the lateral deflection of the cantilever.
Deflection of the laser spot at the photodetector is amplified such that a displacement of
0.01 nm of the cantilever gives a displacement of 3-10 nm at the photodetector (Prater
et ai, 1990). This is large enough to give a measurable voltage (Marti et ai, 1988;
Meyer and Amer, 1988; Sarid, 1991). Most commercial instruments are based on beam
deflection {Figure 1.4). Generally these designs facilitate alignment with the cantilever
(Frommer, 1992) and combine the optical-lever technique with microfabricated
cantilevers (Albrecht and Quate, 1988).
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Figure 1.4

Quad cell photo detector

\

Laser diode

XYZ Scanner

Schetnatic represeutaliou of the optical defection detection system. Light is focused on to
the back of the cantilever, from a laser diode, and reflected into a quad photodiode. The
position of the beam on the photodiode changes as the cantilever bends and twists. The
changes are reflected in the differences of the output signals from the four quadrants of the
detector. (After Jahanrnir et al., 1992).

Piezoelectric ceramics
Piezoelectric ceramics position the AFM cantilever to extremely small dimensions.
Materials used in their construction are such that a change in their physical dimensions
occurs when an electrical field is applied. They can be fabricated into a variety of shapes
and configurations with each type having a unique expansion co-efficient. This allows the
calculation of physical distortion upon the application of a potential. Coefficients range
from 0.1 nm/volt up to 300 nm/volt. Thus, the probe tip can be accurately positioned
(Hansma and Hoh, 1994).
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1.4.1.4 Imaging modes
(a) Forces in AFM
Several forces contribute to the deflection of the AFM cantilever {Figure 1.5), the most
common being the van der Waals force (Burnham et al, 1993). This force is dependent
upon the distance between the tip and the sample as shown in Figure 1.5. In the contact
region, the interatomic force between the cantilever and the sample is repulsive. In the noncontact region, where the tip is held nanometres from the sample surface, the interatomic
force between the cantilever and sample is attractive. The cantilever retracts enough to
detach the tip from the surface at a certain point and remains undeflected as the tip-sample
distance increases further (Weisenhom et al, 1989; Israelachvili, 1991).

Figure 1.5

A Lennard-Jones-Type Potential The AFM will operate in the attractive or the repulsive
mode, depending on the part of the curve the AFM tip is held (Park Scientific Instruments,
1993).
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(b) Force mapping
This imaging mode was first developed in 1994 (Baselt and Baldeschwieler, 1994;
Radmacher et al, 1994a, 1996) and consists of recording force curves in an array of points
across the sample. As the sample is probed over a range of forces, images can be
reconstructed at any contact or non-contact force. Variations in attraction, adhesion,
repulsion or mechanical properties across the image can be analysed using the force curves.
(c) Contact mode
In contact mode imaging, the tip is operated in the repulsive part of a Lennard-Jones type
of potential as shown in Figure 1.5. Here, the cantilever deflects away from the sample due
to the repulsive Van der Waals force. Other forces present during contact-AFM operation
include a capillary force and the force exerted by the cantilever itself. Capillary forces arise
when either the surfaces are already covered by thin films or liquid condenses between the
probing tip and the sample. The magnitude of the capillary force depends upon the tip-tosample separation. The cantilever force magnitude and sign (repulsive or attractive)
depends upon the deflection of the cantilever and upon its spring constant. Reported
theoretical calculations of spring constants for several different cantilevers range between
0.01 and 1 N/m for those most commonly used in repulsive (contact) mode imaging
(Albrecht et al., 1990). Topographic data can be generated by operating in one of two
modes: constant force or constant height mode.
In constant force mode, the cantilever deflection is used as input to a feedback circuit that
moves the scanner up and down in z (changes the height of the sample), responding to the
topography by keeping the cantilever deflection constant. The image is generated from the
scanner’s motion. As the cantilever deflection is held constant, the total force applied to the
sample is constant (Park Scientific Instruments, 1993).

17

In constant height mode, the cantilever is held at the same height during the scan with the
cantilever deflection being used to generate topographic data (Louder and Parkinson,
1995). This mode is often used for taking atomic-scale images of atomically flat surfaces,
where cantilever deflections and thus variations in applied force are small. It is also
essential for recording ‘real-time’ images of changing surfaces, where high scan speed is
essential. It is usually unsuitable for a sample with large surface corrugation (e.g. cells), as
the force fluctuations and thus the deflections of the cantilever are increased and would
result in tip-sample disengagement.
(d) Non-contact mode
In non-contact AFM [NC-AFM], the cantilever is oscillated at or close to its resonant
frequency at a distance of I-10 nm above the sample. The feedback system responds to
keep the amplitude of the cantilever oscillation at a constant level (Martin et al, 1987;
Wickramasinghe, 1990; Ohnesorge and Binnig, 1993). The total force between the tip and
the sample in this mode is very low, about 10'*^ N compared with 10'^ N for the contact
mode. Thus, soft or elastic samples can be imaged without damage. Also, samples such as
silicon wafers are not contaminated through contact with the tip. However, a lower
resolution is obtained than in contact mode as the tip-sample distance is large. Cantilevers
used must be stiffer than those used for contact AFM, as soft cantilevers can be pulled into
contact with the surface. Cantilevers used usually have spring constants ranging from 2 to
50 N/m. Signal detection is also more difficult, as the forces involved are lower. Thus, the
application of this mode to biological samples is limited at present (Fujihira et al, 1994;
Bowen et al 1996; Morita et al, 1996).
(e) Tapping mode®
In this imaging mode (©Digital Instruments), the cantilever vibrates at its resonance
frequency and upon approaching the sample, the tip briefly touches, or taps, the surface at
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the bottom of each swing, resulting in a decrease in oscillation amplitude (Putman et al,
1994a). This decrease is kept at a preset value by a feedback loop and a topographic image
of the sample surface can be obtained. It is a hybrid form of contact and non-contact AFM
(Zhong et al, 1993). In contact mode the AFM tip stays in contact with the surface during
the scan and the lateral forces can damage and even move the sample. In tapping mode the
duration of tip-sample contact is short and the lateral forces experienced during contact
mode are virtually eliminated. Imaging under liquid removes high adhesion forces arising
from the water film present on samples under ambient conditions and significantly reduces
disruption of soft samples, e.g. biological samples (Shaldin and Poprawski, 1990; Hansma
et al, 1994a). The disadvantage of tapping mode is that the vertical imaging force can be
large, increasing the possibility of the sample or tip being damaged (Wong and Descouts,
1995). However, due to the reduction of the lateral forces, this mode is being used
increasingly for imaging biological samples in air and liquid.
(f) Friction mode
Torsional motion of the lever during a contact mode scan, can be monitored and changes in
surface friction on the sample detected (Erlandsson et al, 1988; Meyer et al, 1989;
Denboef, 1991; Hoh and Engel, 1993; Ohnesorge and Binnig, 1993; Fretigny and Boisset,
1994). However, this type of cantilever motion can be induced by surface corrugations and,
therefore, only on a flat surface is the image contrast generated merely by frictional forces
(Aime et al, 1995). Also, artifacts in topographic information from contact mode can be
caused by changes in friction.
(g) Other modes
Force modulation mode (Maivald et al, 1991; Radmacher et al, 1992; Baselt et al, 1993)
records topographic and mechanical properties simultaneously. It has been applied on some
biological samples, such as platelets (Radmacher et al, 1992), myocytes (Shroff et al,
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1995), and magnetotactic bacteria (Fritz et al, 1994b). Phase detection mode generates
contrast by changing tip-sample interactions and is related to the mechanical properties of
the sample (Magonov et uL, 1997). Ultrasonic force mode (Kolosov and Yamanaka, 1993)
was successfully applied to DNA (Yamanaka et al, 1994). However, while these newer
modes help to reduce topographic artifacts, current biological AFM publications largely
concern contact mode and tapping mode imaging in both air and liquid.
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1.5 Applications of the AFM
The AFM can image conductors and non-conductors in air, liquids or vacuum. Thus, it has
a wide range of applications (Prater et ai, 1990). It can routinely resolve atomic structure
on hard minerals and even on soft metals like gold (Manne et al., 1990). It has been
possible to resolve individual molecules adsorbed onto a zeolite crystal surface
(Weisenhom et al, 1990) and as it can resolve individual atoms in a variety of
environments it will become an important tool in fields such as geology, surface science
and electrochemistry.
The AFM has been applied to various types of biological material (for reviews, see Hoh
and Hansma, 1992; Bustamante et al, 1994; Hansma and Hoh, 1994; Henderson, 1994; Lai
and John, 1994; Morris, 1994; Shao and Yang, 1995; Shao et al, 1995; Yang and Shao,
1995; Wagner, 1998). In this review, biological applications of the AFM are outlined and
are divided into imaging and non-imaging categories.

1.5.1 Imaging applications
The AFM provides a unique window to the microworld of cells, subcellular structures and
biomolecules. It can image the three-dimensional [3-DJ structure of biological specimens
in a physiological environment, thus enabling ‘real-time’ biochemical and physiological
processes to be monitored. Biological samples are divided into several major groups for the
convenience of this presentation.

1.5.1.1 Cells, tissues and organs
Cells are the smallest independent units of life and all life as we know it depends on the
many chemical activities of cells. Cells vary in size from a sperm, which is about 5 pm
long, to a nerve cell that may be more than a metre long (Carola et al, 1992). Some of the
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first cells to be imaged by the AFM were fixed red blood cells [RBCs] dried onto glass
cover slips (Butt et al, 1990a). Soon after, white blood cells, red blood cells in saline, plant
cells, and bacteria were imaged (Butt et al, 1990b; Gould et al, 1990; Blackford et al,
1991; Haberle et al, 1991). Living cells have now been imaged and several interesting
dynamic features have been observed on their surfaces (Garcia et al, 1993; Kasas et al,
1993; Braunstein and Spudich, 1994; Holstein et al, 1994; Schoenenberger and Hoh, 1994;
Barbee et al, 1995; Lai et al, 1995a; Shroff et al, 1995; Spudich and Braunstein, 1995).
The AFM has revealed actin and other cytoskeletal filaments in intact cells such as living
glial cells and platelets (Henderson et al, 1992; Chang et al, 1993; Kasas et al, 1993). It
is not known whether the AFM is scanning the surface of the cell membrane or whether the
tip is penetrating and scanning through the membrane, but the filaments were confirmed to
be actin by immunochemistry and sensitivity to the actin-depolymerizing drug,
cytochalasin B (Henderson et al, 1992; KqWqv et al, 1992a).
The AFM can also detect abnormal pseudopodia which project 50-80 nm from the surface
of RBCs of patients with hereditary spherocytosis (Zachee et al, 1992). Thus, the ability to
image surfaces of dried and fixed cells easily and quickly at high resolution may prove
valuable for the rapid detection and diagnosis of pathological conditions in cells and tissues
(Braet et al., 1998). Imaging of immuno-gold labels on lymphocyte cell surfaces with the
AFM has raised the prospect of surface mapping of antigens (Putman et al, 1993a; Neagu
et al, 1994).
Several sub-cellular processes are being currently observed in cells. ‘Movies’ of AFM
image sequences have been made of an individual virus particle emerging from a cell that
was being held with a micropipette during scanning (Haberle et al, 1992; Ohnesorge et al,
1997). Imaging of platelet activation has revealed new information about the movement of
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granules in these cells (Fritz et al.,

1993, 1994a). Thrombin-dependent fibrin

polymerization (blood clot formation) has also been visualized (Drake et al, 1989).
Tissues are composed of similar cells that perform a specific function. The human body
contains epithelial, connective, muscle and nervous tissues. An organ is an integrated
collection of two or more kinds of tissue that work together to perform a specific function
e.g. stomach, brain, etc. Organs studied by the AFM include the kidney (Ushiki et al,
1994), cornea (Fullwood et ai, 1995) and the stomach (Geibel, 1997). The attack on tooth
enamel in acid solutions has also been studied, a phenomenon inaccessible to the
traditional optical microscope. A limitation of the AFM for the observation of tissues is
that the accessible range of movement for the tip in the vertical (z) axis is currently
restricted to about 15 pm, thereby prohibiting the observation of very rough structures.
Sample preparation is a difficult task and no standard preparation methods exist (Blackford
and Jericho, 1991; Kordylewski et al, 1994).

1.5.1.2 DNA, RNA and proteins

There are two types of nucleic acids: deoxyribonucleic acid [DNA] and ribonucleic acid
[RNAj. DNA and proteins make up the chromosomes within the cell’s nucleus. DNA is the
main repository for the genetic information of the cell. RNA is present both in the nucleus
and in the cytoplasm and holds the sequence of proteins, thus serving as a template for their
production in a process called translation. Proteins are synthesized by small cellular
organelles termed ribosomes. Ribosomes read the messenger RNA and assemble proteins
by linking amino acids according to the RNA sequence in a process called translation. An
error in the sequence of bases along the DNA molecule that encodes the genetic
information can lead to major disorders in an organism. Thus, it is important to identify any
erroneous sequences leading to aberrant mutations.
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DNA has been imaged on several surfaces in air (Samori et ai, 1993a) and in a variety of
solutions (Hansma et ai, 1995; Thomson et ai, 1996a). While some early AFM images of
DNA, that had been immobilised on highly oriented pyrolytic graphite [HOPG], proved to
be defects within the HOPG, artifact free images of DNA are now routinely obtained.
Furthermore, while many of the early AFM images of DNA were not stable, the resolution
was sufficient to show individual nucleotides (Weisenhom et ai, 1990, 1991; Hansma et
ai, 1991b). Vesenka and colleagues succeeded in reproducibly imaging plasmid DNA
attached to mica (Bustamante et ai, 1992; Vesenka et al, 1992b). Although imaging in
alcohol resulted in higher resolution than imaging in air (Hansma and Hansma, 1993;
Hansma et al, 1993), water and some buffers allowed imaging under near physiological
conditions, albeit at a lower resolution (Hansma et al, 1993; Lyubchenko et ai, 1993a). It
was found that divalent cations had a critical role in DNA adhesion (Thundat et ai, 1992;
Vesenka et ai, 1992a; Hansma et al, 1993) to mica surfaces. A right-handed helix of
double-stranded DNA was resolved, which requires a resolution of 2-3 nm, by depositing
DNA on a cationic lipid bilayer and imaging in contact mode under liquid (Shao et ai,
1996). DNA motion on mica surfaces in solution and DNA digestion by enzymes has also
been observed (Hansma et ai, 1992; Bezanilla et ai, 1994; Bustamante et ai, 1994). It
remains to be demonstrated whether AFM can eventually be used for DNA sequencing
(Rugar and Hansma, 1990), which requires a resolution of better than 0.5 nm.
Ternary complexes containing linear DNA, nascent RNA transcripts and RNA polymerase
have been imaged with the AFM (Zenhausem et al, 1992b; Hansma et al, 1993; Niu et
a/., 1993; Rees et al, 1993). Transcription has been observed more recently in ‘real-time’
imaging, where DNA translocates through an RNA polymerase molecule adsorbed to a
mica surface (Kasas et al, 1997). The AFM has also been used for investigating
biologically important molecular interactions that are relevant to DNA damage and repair
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processes (Pang et al, 1997). Lengths of double-stranded [dsj reovirus RNA on {silanised)
mica have been measured (Lyubchenko et al., 1992a, 1992b). Single-stranded [ss] RNA
homopolymer poly(A) (Hansma et al., 1996) and heteropolymer ssRNA (Thomson et al.,
1996a) have also been observed, with further studies needed to delineate the ssRNA
structure with the AFM.
AFM imaging of soluble proteins has always been problematic (Lin et al., 1990) with the
failure to obtain high resolution and reproducible AFM images being attributed to unstable
adhesion to the surface. This led to the development of functionalised surfaces for which
the surface chemistry and charge property are altered to facilitate better adhesion. Charge
characteristics of the surface can be changed by treating the surface with molecules, such as
poly-L-lysine or poly-L-arginine (Van Holde, 1989). Cross-linking groups can also be
introduced to the surface and several schemes have been used for AFM imaging in solution
(Lyubchenko et al., 1992b, 1993b; Kairasch et al., 1993; Wagner et al., 1994). Another
approach modifies the protein by adding a specific amino-acid sequence to its structure
with the ability to bind to specific ions or other small molecules that have been pre
attached to the substrate surface (Ill et al., 1993). Some proteins can form two-dimensional
protein crystals, which increases their lateral stability, and numerous proteins have been
observed in this way (Butt et al., 1990a; Hoh et al., 1993; Lai et al., 1993, 1995b; Karrasch
et al., 1994; Schabert and Engel, 1994). The method of direct adsorption of proteins with
mica as the substrate (Yang et al., 1994a) was found to be consistent with observations
from electron microscopy (Heuser, 1989). Close packing was necessary for stable imaging
by AFM in contact mode on these specimens.
Amongst proteins, resolution has generally been highest for membrane protein channels
which occur naturally on surfaces (Hoh et al., 1993; Karrasch et al., 1993), with images
exhibiting sub-nanometre lateral resolution and showing the subunits composing the
25

channels, and reproducible substructure within the subunits. Clear differences between the
extracellular and intracellular surfaces of porin and bacteriorhodopsin have been seen, with
two different conformations identified on the extracellular surface of porin (Schabert and
Engel, 1994; Schabert et al, 1995; Mueller et al, 1995). Similar levels of detail have been
shown for gap junction membranes (Hoh et al., 1993), while pertussis toxin and cholera
toxin channels revealed subunits and pores, even for disordered two-dimensional arrays
(Yang et al, 1993b; Yang et al, 1994b; Mou et al, 1995). As the surface of soluble
proteins is too mobile to see domains on the time-scale of AFM images, usually on the
order of 1 minute per image, a cryo-AFM below lOOK has been used to image
immunoglobulin G, where three arms of the Y-shaped molecule can be seen (Han et al,
1995; Shao and Zhang, 1996; Zhang et al, 1996a) (See also Figure 1.6). The larger
immunoglobulin IgM, shows much more substructure than previously seen by AFM
(Hansma et al., 199la; Yang et al, 1994a). The AFM has the ability to discriminate IgM
and IgG type antibodies, and antibody fragments (Quist et al, 1995; Roberts et al, 1996).
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IgG molecules imaged at low (a) and high (b) resolution using fluid Tapping Mode at low
amplitude on cantilever resonance. Imaging buffer 10 niM NaOAc, pH 4.0. Scan size =
700 nm (a), 40 nm (b). Image courtesy of D. Anafi, G.-M. Wu, AMGEN, Thousand Oaks,
CA.

The unfolding of titin (1 |Lim-long protein found in striated muscle myofibrils)
immunoglobulin domains has also been shown with the AFM (Lu et al, 1998). Tapping
AFM has made the imaging of soluble proteins easier (Hansma et al., 1994a) with globular
proteins as small as lysozyme (17 kD) being clearly distinguished (Radmacher et al.,
1994b). Microtubules can be imaged in buffer when adsorbed to a positively charged silane
(Fritz et al, 1995). For direct adsorption, smaller stabilizing molecules have been used to
fill the space unoccupied by the larger molecules, so that lateral movement is limited. For
example, the large molecule (23 nm in diameter approx.), LDL [low-density lipoprotein] is
stabilized on a mica surface by the smaller molecule, cholera toxin B oligomer (6 nm in
diameter approx.) (Spin and Atkinson, 1995).
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1.5.1.3 Viruses and bacteria

Viruses are parasitic entities composed of nucleic acids (DNA or RNA) and proteins, with
the most complex viruses being surrounded by a lipid bilayer and a glycoprotein envelope.
Virus structure can be readily studied using electron microscopy as well as AFM
(Zenhausem et al, 1992a; Imai et al, 1993; Lyubchenko et ai, 1993b; Firtel and
Beveridge, 1995) with similar resolution for both techniques. The AFM has permitted the
study of virus sub-structures (Ikai et al, 1994) and because of its ability to operate in
liquids, it can bring new insights into the multiplication of viruses. Dynamics of the virus
expulsion process from an infected cell have been followed, whilst scanning an infected
cell (Haberle et ai, 1992; Ohnesorge et ai, 1997), a measurement which is inaccessible to
any other instrument at such high spatial resolution.
Bacteria are unicellular living organisms and belong to the prokaryotic group of organisms.
They differ from eukaryotic organisms in that their genetic material is not enclosed within
a nucleus. The average size of bacteria is about 2 p.m but some Spirochetes are several
hundred micrometres long. Resolution of the AFM in air is similar to that obtained with the
electron microscope. The advantage of using an AFM to image bacteria is that sample
preparation is very fast and simple (Kasas et al, 1994), although for AFM imaging in
liquids bacterial preparation is more difficult and only a few samples have been imaged
(Gad and Ikai, 1995). The AFM has been used to identify gram-negative and gram-positive
bacteria based on their surface characteristics (Umeda et ai, 1998).
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1.5.2 Non-imaging applications
Other non-imaging applications have used the AFM as a very sensitive force sensor.
Relevant examples of biological applications include direct force measurement at the
molecular scale, measurement of micromechanical properties and detection of protein
motion (Ducker et al., 1991; Tsao et al, 1993; Florin et al, 1994; Lee et al, 1994; Moy et
al, 1994; Dammer^ra/., 1995, 1996).

1.5.2.1 Measuring intermolecular interactions
The AFM can be used as a force sensor to estimate the bond strength between different
biological molecules. In these experiments one type of molecule is attached to the tip and
another kind to the substrate. The tip is then approached to the surface and the two types of
molecules allowed to interact. The tip is then pulled back and the cantilever deflects as a
function of the binding strength between the molecules (Eckert et al., 1997). Force curves
have been used to probe interactions between biotin-streptavidin (Florin et al, 1994;
Ludwig et al, 1997), avidin-biotin (Moy et al, 1994), cell-adhesion proteoglycans
(Dammer et al, 1995), antigen-antibody (Dammer et al., 1996) and complementary DNA
strand (Lee et al, 1994) interactions. Caution should be exercised in these experiments as a
contaminated tip can show a step-like adhesion force of comparable magnitude and
artifacts need to be ruled out using careful controls. Non-specific interactions can also give
a stepwise rupture force, mimicking a specific molecular pair interaction (Stuart and Hlady,
1995). Electrostatic interactions between the tip and the sample also need to be considered
and overcome by adjusting the pH and electrolyte concentration of the buffer solution
(Muller and Engel, 1997).
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1.5.2.2 Measurement of micromechanical properties
Micro- and submicro-mechanical properties of biological samples can also be measured
with the AFM. Viscoelasticity of many biological properties, both cells (Radmacher et ai,
1992; Putman et al, 1994b; Barbee et al, 1994, 1995; Shroff et al, 1995; Dvorak and
Nagao, 1998; Wu et al, 1998; A-Hassan et al, 1998) and organs (Tao et al, 1992) have
been obtained with this instrument. However, due to the difficulties of achieving very small
forces and stable imaging at high resolution, reliable application of the technique at the
molecular level has been limited to cryogenic atomic force microscopy (Prater et al, 1991;
Uonetal, 1993).

1.5.2.3 Detection of protein motion
Proteins are not static, but are complex dynamical systems that are continuously moving
(Frauenfelder et al, 1991). The key to understanding chemical and physical processes
involved in enzyme reactions lies in the study of such motions. Height fluctuations over a
layer of the enzyme lysozyme have been monitored whilst the enzyme was metabolizing its
substrate, indicating that it is possible to directly detect enzyme activity with the AFM
(Radmacher et al, 1994b). A protein tracking system has also been developed for detecting
single protein motion (Thomson et al, 1996b), though further studies are needed to
determine whether the AFM is capable of detecting motions relevant to the biological
functions of proteins. Other dynamic processes involving single proteins observed using
the AFM include antigen-antibody complex formation (Weisenhom et al, 1990;
Hinterdorfer et al, 1996; Allen et al, 1997; Jones et al, 1998), immunoglobulin
adsorption (Lin et al, 1990), fibrin polymerization (Drake et al, 1989) and protein-DNA
interactions (Van Noort et al, 1998).
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1.6 Overview of red blood cells and their haematological analysis
As the measurement of MCV of immobilised RBCs with the AFM was studied in this
work, a brief overview of RBCs and their current haematological analysis is outlined.
At present the haematology laboratory in the hospital is concerned with the analysis of
blood cells and coagulation. Analyses performed include concentration, structure and
function of cells in blood; their precursors within bone marrow; chemical constituents of
plasma or serum linked with blood cell structure and function; and function of platelets and
proteins involved in blood coagulation. Molecular biological techniques are being used
increasingly to detect genetic mutations underlying the altered structure and function of
cells and proteins in haematological disease. In this overview, a brief outline of red blood
cell physiology is presented. Basic haematological practice in the hospital laboratory is
outlined and the principles of automated blood cell analysers are discussed. A review of the
literature of AFM imaging of red blood cells and analysis of the red blood cell cytoskeleton
with the AFM is then outlined.

1.6.1 Physiology of blood
Blood consists of cellular elements (about 45 percent by volume) which include red blood
cells (erythrocytes), white blood cells (leucocytes), platelets (thrombocytes) and plasma
(about 55 percent by volume) which consists mainly of water and contains electrolytes and
proteins (Carola et al, 1992). The function of blood is to transport nutrients, exchange
gases, remove waste products, provide an efficient defence against infection and maintain
the integrity of the circulatory system.
Total blood volume for humans is about 70 ml/kg body weight and accounts for
approximately 8% of total body mass. It has physico-chemical properties such as
isotonicity, colloid osmotic pressure, viscosity and characteristic rheological properties ail
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of which collectively permit efficient circulation and function of the blood constituents
(Wintrobe et ai, 1981). The constituents of the blood are in a state of balance between loss,
or escape, from the circulation and regeneration or replacement. This balance is referred to
as homeostasis.

1.6.1.1 Red blood cells (erythrocytes)

Red blood cells make up about half the volume of human blood with about 4 to 6 million
in each cubic millimeter of blood. The red blood cell shape is circular, biconcave and
discoid, with an average diameter of 8.4 p,m in ‘wet preparations’ (by comparison with 7.2
- 7.4 pm diameter when fixed and dried in blood films). It measures 2.0 - 2.4 pm thick and
1 pm at the biconcavity and has an approximate surface area of 140 pm . This shape
provides a larger surface area for gas diffusion than a flat disc or a sphere. Total surface
area of the circulating red cells is variously quoted as being between 1,500 and 2,000 times
that of the surface area of the body. The mean ( ± 2SD) red cell volume [MCVJ is 88 ± 6 fl
(Hall and Malia, 1991).
During their average life-time of 120 days, red blood cells are exposed to powerful
shearing forces and undergo large changes in shape, enabling them to pass through the
smallest blood capillaries and between cell junctions (Bessis, 1973). However, this
deformability is not matched by an ability to withstand swelling and the RBC can only
increase its cell volume by about 10% before its membrane loses integrity and releases the
cell contents.
To fulfill the primary function of taking up oxygen from the lungs and delivering it to
tissues the red blood cell requires an organized structure, an active energy source and
phosphorylated intermediates. The RBC membrane is a complex structure and consists of
lipids, proteins, carbohydrates, anions and cations.
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1.6.1.2 Red blood cell membrane

(a) Chemical composition
The red blood cell membrane consists of approximately 50% protein, 40% lipid and 8%
carbohydrate (Marchesi, 1983; Schrier, 1985).
•

Membrane proteins can be divided into three major classes:
- proteins on the internal surface of the membrane
- integral proteins which span the membrane
- proteins on the external surface of the membrane

(Unwin and Henderson, 1984; Branden and Tooze, 1991). Internal proteins comprise alpha
and beta spectrins (bands 1 and 2) (Bennett and Lambert, 1991; Bennett and Gilligan,
1993), ankyrin or syndein (band 2.1), bands 4.2, 4.9, band 5 (actin), band 6 and several
band 7 subclasses. Integral proteins are represented by band 3 (Reithmeier, 1993), band
4.5, the adenosine triphosphatases (ATPases) and a group of carbohydrate-rich proteins
known as glycophorins A, B, and C which are sialoglycoproteins. Glycophorin A carries
most of the negative surface charge and the MN group antigens (Steck, 1974). Acetyl
cholinesterase represents the external protein.
•

Lipids - Membrane lipid is composed of 70% phospholipid and 30% free (unesterified)
cholesterol by weight. Total phospholipid is composed of approximately 33%
phosphatidyl choline (lecithin), 30% phosphtidyl ethanolamine, 8% phosphatidyl
serine, 28% sphingomyelin and 1% lysolecithin (Bretscher, 1973; Devaux, 1992). The
enzyme lecithin:cholesterol acyl transferase [LCATj controls esterification of plasma
cholesterol with a reduction in its activity resulting in increased plasma free-cholesterol
and consequently an increase in membrane cholesterol which increases the surface area
of the membrane. Therefore, composition, structure and conformation of red cell

33

membranes can be influenced by changes in the plasma environment (Cooper, 1970;
Udden et al, 1987).
•

Carbohydrates - The carbohydrate is predominantly on the outer surface of the
membrane and is found in glycoproteins and glycolipids (Weigandt, 1982; Hakomori,
1986).

(b) Structure
The cytoskeleton of the cell is an interconnected group of proteins which includes spectrin,
band 4.1 and actin, with spectrin accounting for 75% of the total protein. Spectrin consists
of heterodimers of a and (3 chains, which can combine to form heterotetramers cross-linked
by actin with attachment of band 4.1 (Alberts et ai, 1994; Stryer, 1995). This skeleton is
attached by the protein ankyrin to the major integral protein (band 3) which traverses the
thickness of the membrane {Figure 1.7).
Haemoglobin [Hb or Hgbj and the enzyme glyceraldehyde-3-phosphate dehydrogenase are
bound to protein 3. Any defect in assembly of the spectrin units or abnormality or absence
of an associated protein can therefore be expected to result in abnormality of the membrane
(Lodish et ai, 1995). The lipids are arranged on the protein framework with the
aminophospholipids located on the inner leaflet of the bilayer and most of the phosphatidyl
choline and sphingomyelin present in the outer leaflet. The asymmetry within the bilayer
(Rothman and Lenard, 1977) and the incorporation of cholesterol has been likened to a
lipid mosaic or film within which globular proteins not connected to the cytoskeleton may
be free to move laterally. The lipid-protein arrangement gives the cell its discoid shape
while allowing molecular re-arrangement and flexibility under stress from one direction.
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Figure 1.7

The structure of human red-cell membrane. For description see text. (After Singer and
Nicolson, 1972)

(c) Membrane function
Haemoglobin is the principal constituent of the red blood cell. The membrane which
effectively contains the haemoglobin allows diffusion of gases across within milliseconds.
Maintenance of normal red blood cell shape is a function of the cytoskeleton with
abnormality of shape being ascribed to altered cytoskeletal protein assembly (Alberts et al,
1994). Maintenance of cell concentrations, electrochemical gradients and the transport of
essential cell requirements are dependent on transport across the cell membrane with
transport processes being divided into:
•

passive transport by simple diffusion through pore or lipid domains that does not
require energy
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•

active transport against a gradient which requires energy, which in the case of the red
cell is supplied by ATP (Kleinsmith and Kish, 1995).

Passive transport includes oxygen and glucose diffusion, whereas active transport is
necessary for the passage of potassium, sodium and calcium ions.

(d) Haemoglobin
Almost the entire weight of a red blood cell consists of haemoglobin, an oxygen carrying
globular protein. The adult haemoglobin molecule consists of heme (5 percent), an iron
containing pigment, and globin (95 percent), a polypeptide protein (Lodish et ai, 1995). A
heme group is attached to each of haemoglobin’s four polypeptide chains (two a and two
P). Each heme group has an iron atom attached which is the binding site for oxygen.
Haemoglobin function depends on its ability to combine with oxygen in the lungs and to
transport it to body tissues where the concentration is low. It also transfers waste carbon
dioxide from the tissues to the lungs where it is exhaled (Kleinsmith and Kish, 1995).
Oxygenated blood (oxyhaemoglobin [Hb02l) gives arterial blood its red colour, whereas
reduced haemoglobin, i.e. haemoglobin that is not combined with oxygen, gives blood
within veins a bluish appearance. Fetal blood contains fetal haemoglobin [HbF] which has
a greater affinity for oxygen than adult haemoglobin, thus enhancing movement of oxygen
from mother to foetus. It is replaced by adult haemoglobin within a few days after birth.
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1.6.2 Haematological practice
1.6.2.1 Blood collection

The sources of blood for haematological tests are capillaries, veins and arteries from which
it can be obtained by skin puncture, venepuncture and arterial sampling, respectively.
Venous samples are preferred, but many determinations may be performed on blood
obtained from the lobe of an ear, the palmar surfaces of the tip of a finger, or, in infants, the
plantar surfaces of the great toe or the heel. Anticoagulated blood is required for many tests
and this is achieved by collection into tubes or bottles containing anticoagulant (See Table
1.2).

Materials used for blood specimen containers include glass, polypropylene and polystyrene.
Plastic containers for blood samples are recommended for coagulation studies by the
International Committee for Standardisation (Ingram and Hills, 1976). Glass and
polystyrene can be used for blood counting, though some platelet loss does occur with both
these materials compared with a siliconised glass container. All blood samples should be
regarded as capable of transmitting infection and appropriate precautions taken (Advisory
Committee on Dangerous Pathogens, 1983, 1986, 1988). Care should also be taken in the
transport of blood samples (Health and Safety Commission. Health Service Advisory
Committee, 1986).
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Table 1,2
Property

EOTA

Heparin

Colour Code
(BSS)

Pink

Purple

Purple and white

Orange

Substance

Di- or tripotassium
EDTA

32.0 g/1
Tri-sodium
citrate solution

30.8 g/1
Tri-sodium
citrate solution

Lithium heparin
Dried or fluid

Amount

1.5 mg/ml

1 volume to 9
volumes blood

1 volume to 4
volumes blood

10-50 units
(1 -5 mg/ml)

Mode of action

Stoichiometric
chelation of Ca^^

Binds Ca^^ in loose ionic complex

Anti-Xa
Ila

Uses

Routine ‘cellular
haematology’

Studies of
haemostasis

Westergren ESR

Osmotic fragility
Cell culture

Advantages

Preserves
morphology of
RBC and WBC.
No platelet
clumping

Coagulation
factors stable.
Platelet function
retained

Reference
method
recommendation

Ca^^ still present

Disadvantages

Not suitable for
coagulation
studies. Useless
for platelet
function

Not suitable for cell counting due
to dilution

Tri-sodium citrate

Anticoagulants and their properties (After Hall and Malia, 1991).
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and

Unsuitable for
blood films, WBC
and platelet
counting

1.6.2.2 Changes in blood during storage

Blood samples should be refrigerated at 4“C if determinations cannot be performed within
two or three hours. Blood films should be made immediately on taking the sample. Red
blood cells swell gradually in samples stored at room temperature, raising the haematocrit
[PCV, packed cell volume] and mean cell volume [MCVj while lowering the mean cell
haemoglobin concentration [MCHC] and the erythrocyte sedimentation rate [ESR]
(Lawrence et al, 1975; Cohle et ai, 1981). Crenation and sphering of red blood cells
occurs after 24 hours at room temperature. The white cell count [WCC], red cell count
[RCC], haemoglobin, haematocrit and red cell indices are all unchanged in EDTA-blood
stored at 4“C (Brittin, 1969), as are the reticulocyte count and the platelet count (Lampasso,
1968). Determination of sedimentation rate should be performed within two hours (Morris
et al, 1975). Also, blood samples must be mixed thoroughly by inversion or on a
mechanical rotator for accuracy of results (Fairbanks et ai, 1971).

1.6.2.3 Red blood cell analysis

Calculation of the size and haemoglobin content of red blood cells from the haemoglobin
concentration of whole blood, packed cell volume and red cell count were introduced by
Wintrobe (Wintrobe et ai, 1981) as a basis for the classification of anaemias. The use of
fully automated blood analysers has reinforced the use of ‘red cell absolute values’ in
haematological diagnosis, which had fallen into disrepute due to the lack of
standardisation. Parameters measured include: mean red cell volume, mean red cell
haemoglobin [MCH] and the mean red cell haemoglobin concentration (See Table 1.3 and
Appendix Table 1).
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Table 1.3
Age
Cord blood
1 day
3 days
7 days
2 weeks
3 weeks
4 weeks
2 months
3 months
6 months
8 months
10 months
1 year
2 years
4 years
6 years
8 years
10-12 years
Adult men
Adult women

Haemoglobin
(R/dl)
16.8
19
18.7
17.9
17.3
15.6
14.2
10.7
11.3
12.3
12.1
11.9
11.6
11.7
12.6
12.7
12.9
13
16
14

RBC
Hematocrit
(xio^M)
(PCV)
5.25
63
5.14
61
5.11
62
4.86
56
54
4.8
4.2
46
4
43
3.4
31
3.7
33
4.6
36
4.6
36
36
4.6
4.6
35
4.7
35
4.1
37
4.7
38
4.7
39
39
4.8
5.4
47
42
4.8

MCV
(fl)
120
119
116
118
112
111
105
93
88
78
77
77
77
78
80
80
80
80
87
87

MCH
(Pg)
34
36.9
36.5
36.2
36.8
37.1
35.5
31.5
30.5
27
26
26
25
25
27
27
27
27
29
29

MCHC
(%)
31.7
31.6
31.1
32
32.1
33.9
33.5
34.1
34.8
34
34
34
33
33
34
33
33
33
34
34

Retie
(%)
3.2
3.2
3.8
0.5
0.5
0.8
0.6
1.8
0.7
1.4
1.1
1
0.9
1
1
1
1
1
1
1

Average normal blood values in infancy and childhood (After Miller, Baehner and
McMillian, 1984).

Red cell absolute values / haematological indices are calculated from the Hb, PCV and
RCC as follows:
•

Haemoglobin content of blood may be determined by physical properties such as
specific gravity, chemical composition (i.e. iron content), by gas analysis or by spectral
characteristics. Photometric or spectrophotometric measurement is the most suitable for
routine purposes. It is recommended that haemoglobin content of blood be expressed as
mass concentration in grams per litre though grams per decilitre [g/dl] is acceptable.

•

PCV (Hematocrit) is the proportion of whole blood occupied by the RBCs. It is
expressed as a percentage or as a ratio in the SI system i.e. litre per litre [1/1]. It can be
determined by centrifugation and it gives an assessment of RBC status as it depends on
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the number and the volume of the RBCs. It is used in the determination of the ‘absolute
values’ of RBC volume and haemoglobin content.
•

RCC is the number of RBCs in a sample expressed xlO*^/l.

•

MCV is the size or volume of the average RBC expressed in femtolitres (fl)
PCV
=
Reference range = 82-95fl
MCH is the weight of haemoglobin in the average RBC expressed in picograms (pg)
Hbjgldl)
Reference range = 27-32 pg
RCC/l

•

MCHC is the concentration of haemoglobin per unit volume of RBC expressed as a
percentage. (It is the % of Hb in the patient’s packed RBC volume).
Hbigidl)
PCV (HI)

Reference range = 32-36 g/dl

MCV and MCHC are the key red cell indices used to characterize the blood of patients
with anaemia. They are also inextricably linked. MCV is studied in Chapter 4 in an attempt
to determine the MCV of RBCs using the AFM.
MCV is calculated by dividing red cell volume (haematocrit) by the red cell count [RCC].
MCV represents the average of all cells measured and as such will not reveal any
heterogeneity in the cell population sampled, e.g. the degree of microcytosis is often
underestimated because of the presence of normocytes, macrocytes, and reticulocytes.
However, automated analysers generally provide a volume histogram which represents the
distribution of RBCs by cell volume. It is, for example, Gaussian for a normal blood
sample measured using an analyser with electrical impedance and hydrodynamic focusing.
MCV is a difficult parameter to measure accurately by any method due to the unique
biconcave shape of red cells and their ability to deform (with variable deformability
amongst abnormals) when transported by flow at moderate velocities. Alterations in
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cellular deform ability and other cellular factors can lead to inaccurate measurement of cell
volume by automated instruments.
MCHC or cell haemoglobin concentration is one of the cellular factors that affect volume
measurement in flow systems and is a quantity that varies substantially among individual
red cells in both normal (27 to 40 g/dl) and pathologic (25 to 50 g/dl) blood samples
(Corash et ai, 1974; Clark et al., 1978; Fabry and Nagel, 1982) {Appendix, Table 3). An
MCHC greater than 40 g/dL is unusual except in marked spherocytosis or loss of cell
water, while low values for MCHC indicate hypochromia. Volume and haemoglobin
concentration distribution can vary independently of each other in pathologic red cell
samples (Mohandas et al., 1986). Cytoplasmic viscosity is determined by haemoglobin
concentration and greatly influences cell deformation (shape). Haemoglobin concentration
also determines the refractive index of a cell. Haematocrit and mean cell haemoglobin
concentration are computed from the measured value of MCV and, thus, the accuracy of
these indices is also compromised by inaccurate determination of MCV.
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1.6.2.4 Routine haematological blood film
Blood films should be prepared for examination and potential reference for all blood
specimens collected for complete blood counts by automated instruments (Hyun et ai,
1975; Gulati and Hyun, 1986; Hyun et al., 1986). A well prepared blood film provides
confirmation of red cell, white cell, and platelet concentrations and enables a review of
morphology of each of the cell series. An estimate of the red cell and white cell counts can
be made under the low-power objective of the optical microscope.
Blood films may be prepared on a glass slide (76 mm by 26 mm) or a coverslip (22 mm by
22 mm) generally by the manual wedge technique. Wedge films can also be produced using
the commercially available Miniprep and Hemaprep from Geometric Data Corporation and
the Autoslide from Technicon Instruments Corporation while spun films can be made using
the Hemaspinner from Geometric Data Corporation and the Coulter Model 401 Spinner
from Coulter Electronics.
The wedge method, where the film is prepared manually by using another glass slide as the
spreader, is the most popular. A wedge film of acceptable quality is 25 to 30 mm long; 20
to 25 mm wide; has a smooth surface (free of holes, ridges, and waves) with a short (1 to 3
mm) feather edge, a fairly large (10 to 15 mm) readable area in the middle, and an equally
large (10 to 15 mm) thick area on the other end (Gulati and Hyun, 1986; Hyun et al, 1986).
Films are routinely prepared using an EDTA blood sample (1 to 2 mg of disodium or
tripotassium salt of ethylenediaminetetra-acetic acid per milliliter of blood) and usually
within 3 hours of blood collection in order to maintain cellular morphology (Nelson and
Morris, 1991). Freshly collected capillary or venous non-anticoagulated blood can also be
used. Freshly prepared films are allowed to air-dry at room temperature and soon after are
either stained with Romanowsky stain or fixed in methanol if the staining is to be delayed
for several hours or longer or if an aqueous staining solution (e.g. Giemsa stain) is to be
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used. The combination of two dyes - azure B and eosin Y - gives the full range of colours
provided by ideal Romanowsky staining of blood cells (Marshall et ai, 1975) and is the
reference method for Romanowsky staining (ICSH, 1984). A satisfactorily stained film is
free of stain precipitate and differentiates the various cellular components.

1.6.2.5 Isolation of RBCs using Nycoprep ™ 1.150

There are about 700 RBCs per WBC in the bloodstream. RBCs have a buoyant density of
1.085 - 1.12 g/ml, under isotonic conditions, with the younger cells tending to be less dense
than the older ones.
When blood is centrifuged through a separation medium such as Lymphoprep^^, the
presence of Ficoll R or other polysaccharides in the medium causes aggregation of the
RBCs (Boyum, 1968; Loos and Roos, 1976) and increased sedimentation thereby allowing
them to pellet faster. The pellet is compact due to the presence of polysaccharides and the
RBCs tend to aggregate after resuspension. Nycoprep™, a new media for blood cell
separation, does not contain polysaccharides and therefore the RBCs do not aggregate and
form such a compact pellet. After resuspension the RBCs are in better condition and free of
any possible inhibitory effects from exposure to polysaccharides.
Also, most media used for the isopycnic (constant density) separation of cells have a
number of disadvantages. In relation to the osmolality of their solutions, cells tend to
shrink in hypertonic environments whilst in hypotonic conditions they swell, with the
buoyant density altering in both cases and there being a risk of cell damage. Nycodenz , a
ready-made solution under the generic name Nycoprep™, can overcome these problems
since, for any given density, its osmolality is only about one quarter of its ionic
counterparts (Rickwood

a/., 1982; Nycomed, 1992, 1993).
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In a cell suspension containing mixed populations of cells, cells with different buoyant
densities can be separated by density gradients. Gradients can be continuous with a density
range covering that of the cells of interest or discontinuous in which the gradient solutions
consist of a range of densities in discrete steps. Nycodenz® has also been used in the
fractionation of nucleic acids, proteins, polysaccharides, nucleoproteins and subcellular
organelles (Ford et al, 1982). As it has a low osmolality and is non-toxic it is an ideal
medium for the separation of intact living cells.

1.6.2.6 Evaluation of red blood cells

Red blood cells within a blood film from a healthy person appear circular with only a very
small proportion having an irregular outline. They are essentially uniform in size (7 to 8
pm in diameter), i.e. normocytic, and each has a peripheral area
haemoglobin that stains pink and a pale area

V3 of diameter) of

'A of diameter) devoid of haemoglobin, i.e.

normochromic. Abnormalities of red blood cells may be conveniently classified based on
the appearance of size, shape, stain intensity or distribution, and the presence of inclusions
(Beutler et al., 1995).
(a) Abnormalities in size
•

Macrocytes'. RBCs with a diameter greater than 8 pm and MCV > 95 fl, is a common
finding in megaloblastic anaemia (Brecher et al., 1975).

•

Microcytes'. RBCs with a diameter less than 6.4 pm and MCV < 80 fl, is frequently
seen in iron deficiency anaemia and thalassemias.

•

Anisocytosis'. Variation in size (diameter and/or volume) among red cells, occurs in
most anaemias.
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(b) Abnormalities in shape
•

Poikilocytosis: is variation in shape among red blood cells. It can be applied to changes
in the outline of the red cell or to red cells which, although circular in outline, do not
have the normal biconcave cross-section, e.g. spherocytes, leptocytes and stomatocytes.
It occurs in severe anaemias accompanied by active medullary and/or extramedullary
haemopoietic activity.

(c) Poikilocvtes with altered outline
•

Elliptocytes: Elliptical and oval cells are most abundant in hereditary elliptocytosis.
They are common also in iron deficiency anaemia, myelofibrosis with myeloid
metaplasia, megaloblastic anaem.ias and sickle cell anaemia.

•

Tear-drop poikilocytes (dacryocytes): These cells are characterized by a single
elongated or pointed extremity and are a feature of myelofibrosis.

•

Sickle cells (drepanocytes): This term describes the sickle cell and a variety of shapes
induced by the polymerization of sickle haemoglobin.

•

Red-cell fragmentation (schistocytes): Red cell fragments are small and often appear
spherical, triangular or iiTegular. They indicate the presence of haemolysis, whether in
megaloblastic anaemia, severe bums or microangiopathic haemolytic anaemia. Burr
cells are probably the result of red cell fragmentation (Schwartz and Motto, 1949),
though a mechanism based on vacuole formation and rupture has been suggested (Bell,
1963).

•

Crenation: This term refers to RBCs which have numerous short, symmetrical
projections. It is a common artifact in blood films and is also found in blood samples
that have been stored at room temperature for some hours.

•

Acanthocytes (spiny cells): These are irregularly spiculated red blood cells, seen in
abetalipoproteinaemia and splenectomy.
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(d) Poikilocvtes with circular outline
•

Spherocytes: These are nearly spherical red blood cells, with a diameter smaller than
the normal biconcave disc. They are found in hereditary spherocytosis [HS], in some
cases of acquired haemolytic anaemia and in conditions where there has been a direct
physical or chemical injury to the cells e.g. heat. The red blood cell has a decreased
surface/volume ratio in these cases due to the loss of membrane (in excess of
haemoglobin).

•

Target cells (Leptocytes): These are abnoiTnally thin red blood cells which have an area
of central staining. They are found in obstructive liver disease (Cooper and Jandl,
1968), post-splenectomy (De Harm et ai, 1988), hypochromic anaemia, especially
thalassaemia; and in haemoglobin C disease.

•

Stomatocytes: These are uniconcave cup-shaped RBCs (Lock et al., 1961), and are
associated with familial analphalipoproteinaemia (Tangier disease) with haemolytic
anaemia (Reinhart et ai, 1989).

•

Combinations of poikilocytic change: In haemolytic anaemia, it is not uncommon to see
combinations of poikilocytic change in the same cell e.g. spherocytic acantocytes and
fragmented spherocytes.

(e) Abnormalities in staining
•

Hypochrornasia: This term is applied to pale staining RBCs which are due to
abnormally thin cells. Diminished haemoglobin formation causes the central pale area
to become larger and paler.

•

Polychromasia: Reticulocytes have an affinity for the basic components of the stain and
will stain blue, in contrast to mature RBCs which stain pink. Thus, a polychromatic red
cell population is due to an increase in reticulocytes.
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•

Dimorphism: This term refers to a dual population of RBCs present in the same blood
film and it refers to staining appearance. It is applied to hypochromic and
normochromic populations.

(f) Red cell inclusions
The types, nature and demonstration (for optical microscopy) of red-cell inclusions are
summarized in Table 1.4.

Table 1.4
Inclusion

Nature

Demonstration

Howell-Jolly bodies

DNA.

Romanowsky.

Nuclear remnants

Feulgen stain

Fe^^ with protein

Romanowsky.

Pappenheimer bodies

Prussian-blue reaction
Basophilic stippling

Ribonucleoprotein.
Precipitated residual RNA bases

Romanowsky

Protozoa

Malaria parasites.
Babesia spp.

Romanowsky

Micro-organisms

Bartonella bacilliformis

Romanowsky

Reticulocytes

Ribonucleoprotein.
Aggregated ribosomes

Supravital staining

Heinz bodies

Denatured haemoglobin

Supravital staining

HbH inclusions

Precipitated HbH

Extended supravital staining

Siderotic granules

Fe^"^ in ferritin or mitochondria

Prussian-blue reaction

Red-cell inclusions (After Hall and Malia, 1991).
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1.6.3 Automated blood cell analysis
There are at least 25 manufacturers of blood cell analysers with many instruments having
the same operating principle and producing similar information. Analysers typically count
total leucocytes, red blood cells and platelets whilst also measuring the haemoglobin
concentration and volume of the red blood cells. A common feature in the present
generation of analysers is the aperture or capillary where the cells are counted, sized and
identified in ‘moving’ suspension. Parameters describing the distribution of the measured
volumes are derived but as there are several different technologies used to count and size
the cells the derived parameters are not necessarily comparable. The three principal
technologies in use are as follows:

1.6.3.1 Electrical impedance
Cells passing through an aperture through which a cun-ent is flowing cause changes in
electrical resistance and are detected as voltage pulses which in turn gives the number of
cells (Kubitschek, 1960). Measurements must be corrected for ‘coincidence’ as more than
one cell may be present in the sensing zone of the orifice. Also, reference particles of
known volume must be used for calibration of the instrument as volume cannot be
accurately calculated from the physical constants of the system. Apparent volume is
influenced by red blood cells which adopt a ‘cigar shape’ under the flow conditions of the
orifice. This principle was pioneered by Coulter (1956) and is referred to as the ‘Coulter
principle’ and is used by several manufacturers: Coulter Electronics; Toa; Dupont;
Instrumentation Laboratory and J.T. Baker.
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1.6.3.2 Light scatter
The use of forward light scattering to estimate relative size of individual biological cells is
a technique well-established in flow cytometry (Jovin et al, 1976; Salzman, 1981). The
Technicon HI (introduced in October, 1985) (Ross and Bentley, 1986; Watson and Davis,
1987), H6000 (Kaplow et al, 1983) and the Ortho (no longer produced) ELT-8 systems
use this technology to measure red cell volume distribution. Volume and haemoglobin
concentration of each cell are determined simultaneously by measuring scattered
monochromatic light at two different forward angular levels (Groner and Epstein, 1982;
Tycko et al, 1985). Isovolumetric sphering of the cells (i.e. sphering of RBCs using e.g.
sodium dedecyl sulfate and albumin in neutrally buffered isotonic saline) (Kim and
Ornstein, 1983) eliminates the shape and orientation dependence of the scattering. All
RBCs of a given volume produce virtually identical light-scattering signals thus reducing
the coefficient of variation ICVl of the cell volume determination of nornial bloods and
making the broader distributions of volumes of abnormal bloods more meaningful. The
Mie scattering theory (Kerker, 1969) accurately describes the scattering of these sphered
cells.

1.6.3.3 Fluorescence-activated flow cytometry
Here cells are stained or labelled with fluorochrome and enter a flow chamber in single file
using ‘sheath flow’. They are struck by a focused laser beam and emit scattered and
fluorescent light which are separated according to wavelength by mirrors and filters onto
fluorescence detectors (Jovin et al, 1976; Salzman, 1981; Shapiro, 1984). Examples of
dedicated instruments include the FACScan (Becton Dickinson) and EPICS (Coulter).
Antibodies can be conjugated with fluorochromes and used to identify cells with specific
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antigens. Fluorescence flow cytometry has a wide range of applications in diagnostic
haematology and also in other disciplines of pathology (Quirke and Dyson, 1986).
1.6.3.4 Parameters of automated blood counting

The parameters of automated blood counting include haemoglobin concentration, red cell
count, mean cell volume, packed cell volume [PCV], haemoglobin distribution width
[HDWJ, red cell distribution width [RDWJ (Bessman and Johnson, 1975), mean
corpuscular haemoglobin [MCH] (Wintrobe et al, 1981), mean corpuscular haemoglobin
concentration [MCHC], total leucocyte count, platelet count and derived platelet
parameters. The differing techniques used to determine red cell volume and erroneous
results obtained using automiated analysers are discussed in Chapter 4.

1.6.4 Immobilisation of the red blood cells for AFM
1.6.4.1 AFM imaging of red blood cells

Initially, ATMs had a maximum scan range of less than 1 pm and were therefore not useful
for imaging cells. In 1989, a prototype AFM with a several micrometer scan range was
built and within hours of its assembly, finger blood was used to obtain images of a dry film
of red blood cells (Hansma and Hoh, 1994).
Gould et al. (1990) imaged dried red and white blood cells. Red blood cells were dried
onto a substrate of glass and a few were seen with the AFM using a 9.4 pm scanner. They
found that the cells appeared smooth but that further magnification of the surface showed
details with a roughness of approximately 30 to 70 nm. Lymphocytes were imaged by first
depositing anti-IgG antibodies onto a glass substrate and then layering lymphocytes,
separated from whole blood by density centrifugation, over the antibody-coated substrate.
Butt et al (1990a) succeeded in imaging fixed red and white blood cells in buffer solution
and detected surface features down to 8 nm. Only the upper part of the red blood cells was
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visualised authentically as the lower part was broadened due to stylus geometry, thus
demonstrating a limitation of the AFM. Red blood cells were laid down on cover-slips
which had been coated with poly-L-lysine and rinsed with glutaraldehyde and phosphate
buffered saline [PBS]. Red blood cells were then fixed in glutaraldehyde in PBS and
imaged in PBS at room temperature. White blood cells were imaged on coverslips silanized
with 3-aminopropyltriethoxysilane. Since mammalian ceils lack a cell wall, they are soft
and deformable and difficult to image in contact mode. Fixing the cells with glutaraldehyde
made the cells rigid enough to be imaged in buffer.
Haberle et al. (1991) developed an underwater AFM for investigations of single living
cells. Small living cells were sucked onto a microcapillary and brought into contact with a
cantilever for imaging. The cells were kept alive under appropriate physiological
conditions. Images of red blood cells were made under these conditions with a resolution
down to about 10 nm. Changes induced by higher salt concentration and by the attachment
of antibodies to the cell surface were also observed. Experiments with Concanavalin A
attached to 20 nm gold colloids demonstrated that the distribution of glycoproteins was not
uniform on the cell surface. Raising salt concentration showed that the RBC membrane
surface became rough thereby indicating folding of the membrane (Horber et al, 1992,
1993). The structures observed might reflect the cytoskeleton underneath the membrane, a
stiff molecular network that gives the cell its characteristic form (Darnell et al, 1986).
Zachee et al (1992) used the AFM to confirm the adverse effect of the splenic environment
on hereditary spherocytosis [HS] RBCs. Due to the high resolution of this technique it was
possible to detect abnormal pseudopodia on RBCs of HS patients before splenectomy and
to demonstrate their absence after splenectomy. The method involved making an EDTA
spin-coated blood film and keeping it in an unfixed and unstained state. The AFM has also
confirmed the existence of uremic echinocytes, a characteristic finding in the blood film of
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a patient with anaemia of chronic renal failure. Echinocytes are RBCs with 10-30 spicules
regularly arranged on their cell surface. EDTA blood films were made by manual spreading
and kept in an unfixed and unstained state until scanning was performed (Zachee et ai,
1994).
RBC dimensions obtained by the AFM revealed differences between native RBCs in films
and glutaraldehyde-fixed red blood cells (Zachee et ai, 1996). Native RBCs were prepared
by collecting an EDTA blood sample, making a blood film by manual spreading, and
allowing it to dry for 15 minutes. Films were kept unfixed and unstained until scanning
with the AFM was performed. The latter method was an adaptation of the procedure for
RBC fixation for the SEM described by Simpson (1989). Briefly, fresh blood was mixed
with 1.1% (v/v) glutaraldehyde, washed and resuspended in cacodylate buffer. The
resuspended RBCs were deposited on a poly-L-lysine coated microscope slide and washed
in cacodylate buffer. Finally, the samples were dehydrated in ascending concentrations of
ethanol.
It was found that the cell diameter of red blood cells in films of native cells (8.00 ± 0.52
pm) was significantly larger than for fixed cells (7.04 ± 0.49 pm). Maximum RBC
thickness was considerably smaller for films of native cells (0.57 ± 0 .08 pm) than for fixed
cells (1.60 ± 0.19 pm), whereas minimum cell thickness for films of native cells (0.33 ±
0.11 pm) was similar to that of fixed cells (0.48 ± 0.20 pm). The minimum thickness of
both preparations was about the same value when the cell thickness in the film was
corrected for the thickness of the thin serum protein layer.
The authors stated that the difference in size and shape between fixed and unfixed RBCs
indicated that the red blood cells in films were both flattened and broadened due to
hydrodynamic forces applied in the laminar flow field during film preparation. The content
of serum proteins also differed between blood films and fixed RBCs. Serum protein
53

concentration was decreased by a factor of 1000 during glutaraldehyde fixation of cells.
They stated that artifacts in traditional RBC films may be connected with the presence of
dried serum proteins on cell surfaces. Drying artifacts could be circumvented by scanning
glutaraldehyde-fixed RBCs in buffer but the enhanced softness of the sample under liquid
would attenuate the scanning resolution.
There are several reports on imaging human cells after glutaraldehyde fixation (Butt et al,
1990a; Haberle et al, 1991; Oberleithner et al, 1994). Detail recognition was another
problem as although 8 nm features were imaged they were unidentifiable. Both normal and
abnormal RBCs i.e. a drepanocyte [sickle cell], a dacryocyte [teardrop cell], a codocyte
[target cell] and a stomatocyte were imaged.
Zhang et al. (1995) imaged glutaraldehyde-fixed red blood cells by tapping mode atomic
force microscopy in air at room temperature. Briefly, heparin anticoagulated venous blood
was used with the plasma removed and the RBCs were washed with PBS. RBCs were then
fixed with 2.5% (v/v) glutaraldehyde and washed again with PBS. This suspension of fixed
RBCs was added onto a freshly-cleaved mica surface and left to adsorb. The deposited
RBCs on the mica surface were washed with distilled water to avoid possible
contamination caused by salt crystals and finally air-dried.
Most of Zhang et al. 's RBCs appeared to be doughnut-shaped with diameters around 7.2
pm and thickness about 1.0 pm. The central depression varied between 250-300 nm
according to section analysis. The top surface of a red blood cell was imaged with
nanometre resolution as a montage of 28 AFM zoom-images of the surface of the red blood
cell. The surface was found to be very smooth and composed of features ranging in size
from a few nanometers to tens of nanometers. Also, the zoom images were obtained by
continuous scanning over 3 hours which indicated that tapping mode could image
biological samples such as red blood cells stably and reproducibly.
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Aikawa et al. (1996) imaged membrane knobs of unfixed Plasmodium falciparum-infQciQd
RBCs. This parasite causes cerebral malaria, a severe complication of malaria. Such
infected RBCs adhere to endothelial cells by means of knobs induced on the red cell
membrane by the parasites and which then cause obstruction of cerebral microvessels.
AFM imaging showed that each knob consisted of two distinct subunits, knob components
that have never been seen in chemically fixed knobs examined by conventional
transmission electron microscopy (Aikawa, 1997).
Garcia et al. (1997) imaged the membrane cytoskeleton network of normal and P.
falciparum-infcctcd ghosts (ghosts are lysed RBCs consisting of quite pure plasma
membrane) in air-dried preparations. The spectrin network was changed in infected ghosts.
The normal red cell membrane had a thickness of about 15.05 ± 2.27 nm while the P.
falciparum infected membrane thickness was found to be 22.97 ± 3.84 nm. Ghosts
containing ring stage parasites exhibited areas of particle-like protrusions ranging in size
from 0.2 to 0.7 pm. The P. falciparum parasite surface was also imaged in air-dried
samples and showed the existence of a large protrusion extending from the parasite surface.
Further studies proposed by the authors include study of the infected cell in the hydrated
state plus the use of colloidal gold coupled to antibodies against malarial antigens. This
should shed light on protein transport from parasites to the red blood cell membrane and
cytosol.

1.6.4.2 Analysis of red blood cell cytoskeleton with the AFM
Several AFM studies have also been performed on the cytoskeletal components of the RBC
(Lewis, 1994). Mikrut and McDonald (1995) washed fresh RBCs in phosphate buffer and
applied them to a freshly cleaved mica surface which had been pre-treated with poly-Llysine. Images of the intact RBCs were obtained using an Explorer Life Sciences atomic
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force microscope from TopoMetrix. The cytoskeletal network on the inner surface of the
cell membrane was exposed by lysing the cells with a low salt buffer. The haemoglobin
was rinsed away to reveal the cytoskeletal network. These experiments represented the first
stage of a long term project in the study of how cells endure mechanical stresses in the
blood circulation. This information would have important clinical implications as many
forms of anaemia can be directly attributed to cytoskeletal abnormalities.
Park Scientific Instruments used intermittent-contact scanning force microscopy (Park
Scientific Instruments, 1995) to study the inside surface of the RBC. RBCs were affixed to
a silicon wafer with poly-L-lysine. They were lysed by exposure to a hypotonic solution to
leave behind the inside membrane of the RBC and imaged to show the spectrin-actin
network. Almqvist et al. (1994) isolated spectrin from solubilized red blood cell membrane
skeletons by gel filtration as described previously (Lundberg et al, 1992). The spectrin was
covalently attached to a surface in a liquid environment as well as dried on mica and
studied in both cases with contact-mode AFM. Zhang et al (1996b) also imaged spectrin
molecules which they had extracted from the human RBC membrane and immobilised onto
a freshly cleaved mica substrate.
Takeuchi et al (1998), observed the structure of the membrane skeleton on the cytoplasmic
surface of the RBC plasma membrane in dried human RBC ghosts with the AFM in
contact mode. They found that freeze-drying, i.e. freezing by rapid immersion in a cryogen,
of unfixed specimens gave satisfactory results for observation, with 80% of spectrin being
observed at the extracellular surface of the plasma membrane.
In summary, the AFM is an important instrument for revealing both the surface topography
of red blood cells, combining both high spatial resolution with the possibility to image
RBCs under native and fixed conditions. This could aid in the detection and diagnosis of
pathological conditions in cells.
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1.7 Overview of chromosomes and their cytological analysis
In this overview, a brief outline of human cytogenetics is presented. Chromosome structure
is outlined and its investigation in the laboratory is discussed. Finally, a literature review of
the analysis of chromosomes using the AFM is presented.

1.7.1 Human cytogenetics
Cells are the smallest independent units of life and life, as we know it, depends on the
numerous chemical activities of cells. With the exception of the mature RBC, the nucleus
is the control centre of a cell and is composed of nucleoplasm which contains genetic
material in a form called chromatin. Chromatin consists of a combination of the hereditary
material DNA and protein. Mature RBCs do not have nuclei or DNA and thus cannot
synthesise new proteins, duplicate themselves or perform typical cellular activities. During
mitosis (where the genetic material of a cell is divided equally and exactly between two
daughter cells), strands of protein-rich chromatin become arranged in coiled threads called
chromosomes which store the hereditary material in segments of DNA called genes. The
genes are located along the chromosomes in a specific sequence and position. The
sequence and position of nucleotides in each gene creates the genetic code which
determines heredity and is responsible for protein structure (Carola et al, 1992).

1.7.1.1 The cell cycle
Cell division marks the beginning and end of the cell cycle, or life-span, of a single cell
{Figure 1.8). The cell cycle involves three major processes:
•

Interphase: a period of cell growth during which the DNA in the nucleus replicates;

•

Mitosis’, the period during which the nucleus, with its genetic material, divides;
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•

Cytokinesis: the division of the cytoplasm into two distinct but genetically identical
cells (Lodish et al, 1995).

(a) Interphase
This is a period of great metabolic activity and occupies about 90% of the total duration of
the cell cycle. Activities such as growth, cellular respiration, and RNA and protein
synthesis occurs during this stage. DNA replication also occurs during interphase.

Figure 1.8

The Cell Cycle
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(b) Mitosis
This consists of four sequential stages known as prophase, metaphase, anaphase and
telophase {Figure 1.9).
•

Prophase: Chromatin threads begin to coil, becoming shorter and thicker, in early
prophase. The nucleoli and nuclear envelope begin to break up and bursts of
microtubules, called asters, begin to radiate from the centrioles. The chromatin threads
have formed chromosomes by late prophase. Each chromosome consists of two strands,
or chromatids, with a full complement of the replicated DNA formed during the S stage
of interphase. A spherical structure called a centromere joins each pair of chromatids
somewhere along its length. Fragments of the nuclear envelope and nucleoli disperse in
the endoplasmic reticulum and newly formed microtubules move in among the
chromatid pairs. Centriole pairs move to opposite ends or poles of the nucleoplasm.
Microtubules form a spindle which extends from pole to pole and chromatid pairs
move to the centre of the spindle (Murray and Hunt, 1993).

•

Metaphase: During this stage, the centromere of each chromatid pair attaches to one of
the microtubules of the spindle. The double-armed chromosomes are pulled to the
centre of the spindle. Centromeres double towards the end of metaphase so that each
chromatid has its own centromere. At this point the chromatids are complete
chromosomes as each has a double-stranded DNA molecule.

•

Anaphase: Chromosome pairs separate during anaphase and move toward opposite
poles of the cell. At the late anaphase stage in human mitosis, 46 chromosomes are near
one pole and 46 are near the opposite pole (Lodish et al, 1995).

•

Telophase: Chromosomes begin to uncoil and the spindle and asters dissolve during
early telophase. Fragments from the endoplasmic reticulum spread out around each set
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of chromosomes forming a new nuclear envelope by late telophase. At this stage,
mitosis is over but cell division is not.

(c) Cytokinesis
The separation of the cytoplasm into two parts occurs during this final stage of cell
division. Two new genetically identical daughter cells are formed, each about half the size
of the original parent cell.
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Figure 1.9
(a) Interphase (G2)
teach cell 4/21

(b) Early prophase

(c) Middle and late
prophase
Sister

Dau}>liter

(d) Metaphase

(f) Telophase

(g) Interphase (Gi)
(each cell 2n)

The stages of mitosis and cytokinesis in an animal cell.
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1.7.1.2 Organising cellular DNA into chromosomes
Chromatin is the term generally applied to the packaged DNA in the eukaryotic nucleus
(Komberg, 1974). Nuclear DNA is complexed with histones to form nucleosomes, which
are the basic repeating components of eukaryotic chromatin. When isolated at low salt
concentration, chromatin resembles “beads on a string” with the string being a thin
filament of DNA connecting the bead-like nucleosomes which are about 10 nm in
diameter. Chromatin isolated at a physiological salt concentration ( ~ 0.15M KCl) assumes
a more condensed fibre-like form of 30 nm diameter (Subirana, 1992). A nucleosome is
composed of a protein core with approximately 146 base pairs of DNA wrapped slightly
less than two turns around its surface. The core is an octamer composed of two copies each
of histones H2A, H2B, H3 and H4. The three-dimensional structure of this core histone
octamer was determined to be a flat disc of diameter 11 nm and height 5.7 nm (Lodish et
ai, 1995).

1.7.1.3 Morphology and functional characteristics of eukaryotic chromosomes
Almost all cytogenetic work (i.e. studies of chromosome morphology) has been performed
using condensed metaphase chromosomes obtained from dividing cells, either somatic
cells in mitosis or dividing gametes during meiosis. A metaphase chromosome consists of
two sister chromatids which are attached at the centromere. A chromosome in which the
centromere is near the middle is called metacentric, while a chromosome in which the
centromere is at the very end is telocentric. Chromosomes intermediate between these two
are submetacentric and subtelocentric, while chromosomes with markedly unequal arms
are also called acrocentric.
Each species has a characteristic number and morphology of chromosomes called the
karyotype. The human genome contains 22 pairs of autosomal chromosomes and one pair
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of sex chromosomes in each diploid cell. Chromosomes are usually characterised using the
length of the chromosome and either the arm ratio (long arm (q)/short arm (p) i.e. q/p) or
the centromere index which expresses the length of the short arm as a percentage of the
total chromosome length.
A variety of human syndromes with abnormalities in chromosome number can be
correlated with the karyotype. For example Down syndrome is characterised by three rather
than two number 21 chromosomes. Turner syndrome occurs in females and is characterised
by the presence of only one X chromosome in the sex chromosomes. Chromosome
mutation can also occur as a result of chromosomes breaking and rejoining in such a way
that they become structurally reorganised (Therman and Susman, 1992).

1.7.2 Methods in human cytogenetics
The number and variety of cytogenetic techniques has increased enormously in recent years
(Verma and Babu, 1989) and a brief overview is presented here. Optical microscopy has
played a major role in the development of cytogenetic techniques with molecular
techniques representing the present era in human cytogenetics.

1.7.2.1 Direct methods
The Feulgen squash technique (Darlington and La Cour, 1975) was used to study unusual
mitoses and chromosome constitution. The technique was greatly improved by the
additional step of treating the cells with drugs before fixation. These drugs, in particular
colchicine, cause the chromosomes to shorten and the mitotic spindle to be destroyed and
as a result the chromosomes spread around the cell. Colchicine also prevents cells from
entering anaphase, resulting in an accumulation of metaphases which is advantageous in
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cytological work. Acetic acid-ethanol is the most common fixative for Feulgen
preparations as well as for cells in tissue culture.

1.7.2.2 Tissue culture techniques
Cultured lymphocytes and fibroblasts are at present the main source of cells for human
chromosome studies (Moorhead et al, 1960). Phytohemagglutinin is the essential agent in
lymphocyte culture. This is a natural product of plants and it stimulates cell division. Using
this method it takes only 48-72 hours to obtain chromosome preparations. When the cells
are dried on the microscope slide, the flattened chromosomes can be stained and
photographed. Chromosome stains used include orcein, Giemsa, azure A and Feulgen
(Therman and Susman, 1992). The underlying chromosomal order responsible for the
banding phenomena has been discussed (Saitoh and Laemmli, 1994) but is not completely
understood.

1.7.2.3 Prenatal studies
The sex of a fetus can be determined directly using fetal cells in the amniotic fluid.
Chromosome studies can also be initiated from these cells. Biochemical tests of fetal cells
can also determine certain metabolic diseases (Epstein et al, 1983).

1.7.2.4 Meiotic studies
Meiosis has been studied mainly in the human male and studies have been performed on
the frequency and location of chiasmata (chromatid exchange points) (Hulten, 1974; Hulten
et al, 1978, 1982) and synaptonemal complexes (Pathak and Hsu, 1979).

64

1.7.2.5 Sex chromatin techniques
The barr body (X chromatin) is usually stained with orcein, acid fuchsin, or Feulgen while
the Y body is too small to be distinct in the light microscope and is usually stained with
quinacrine and studied with fluorescence microscopy. X chromatin has been analysed in
buccal smears, cultured fibroblasts, hair-root cells, and cells of the vaginal epithelium
(Dutrillaux, 1977).

1.7.2.6 Banding techniques
Chromosome banding techniques reveal reproducible patterns of transverse bands of
different lengths (See reviews: Sanchez and Yunis, 1977; Dutrillaux, 1977; Ris and
Korenberg, 1979; Bickmore and Sumner, 1989; Sumner, 1990). Q-, G- and R-banding
techniques reveal some 300 bands, while prometaphase or prophase chromosomes show
from 500 to 2000 bands (Yunis et al, 1979; Yunis, 1981). The most important uses of
prophase banding have been the exact determination of breakpoints and the mapping of
genes with molecular methods.

1.1.2.1 Molecular methods
The explosive growth of molecular genetics in the 1970s has enabled the disassembly of
DNA into small fragments and then replicating (cloning) the fragments to yield material for
chemical analysis down to the level of nucleotide sequence (See reviews: Friefelder, 1987;
Albeits et al., 1989; Darnell et al., 1990).
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1.7.2.8 Automation
A range of instrumentation is available for genetic analysis which include workstations for
chromosome analysis, automated karyotyping and fluorescent m situ hybridisation (FISH)
analysis (Applied Imaging).
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1.7.3 Chromosome analysis using the atomic force microscope
The AFM is a relatively non-invasive instrument since it operates on specimens which do
not require any kind of treatment other than immobilisation. It can give information that
supplements and complements information given by traditional microscopical methods.
Fixed human chromosomes have been imaged using the AFM and also the action of trypsin
during the staining for banding has been investigated. A brief review of chromosomal
imaging and investigations to-date using the AFM now follows.

1.7.3.1 Metaphase chromosomes and banding patterns
De Grooth and Putman (1992) studied the structure of metaphase chromosomes of
eukaryotic cells using the AFM. As the density of chromosomes in a normal metaphase
spread is extremely low, these authors combined an AFM with an inverted optical
microscope, the latter making it possible to quickly locate an object of interest (Putman et
ciL, 1992a, 1992b). High resolution images of the chromosomes revealed details of the 30
nm chromatid structure which correlated with earlier electron microscopic observations.
Chromosomes were treated with trypsin as in the G-banding method and a banding pattern
in height was revealed with the AFM which was very similar to the optical image observed
after staining with Giemsa (De Grooth et ai, 1992; Teng et ai, 1995; Musio et ai, 1997).
Rasch et ai (1993) studied chromosomal morphology and banding patterns in standard
human GTG-banded metaphase chromosome preparations [where GTG means G-banding
with trypsin-GiemsaJ. The smallest identifiable features were in the 100 nm range which is
typical for structures seen by scanning electron microscopy. Chromosome banding was
well preserved and individual chromosomes could be identified from the banding pattern.
G-banded chromosomes have also been investigated using scanning near-field optical
microscopy [SNOMJ (Iwabuchi et ai, 1997; Wiegrabe et ai, 1997).
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Musio et al. (1994) examined the structure of human metaphase chromosomes which were
fixed according to standard procedures for optical microscopy but not treated for banding.
Again the AFM images of the chromosomes displayed a banding pattern very similar to Gbanding, which was detected by the AFM as a variation in the thickness of chromatin.
Individual chromosomes were thus identified. AFM images were found to compare well
with SEM images (Ushiki et al., 1996). It was found that chromosomes imaged in a liquid
environment had a thickness four or five times higher than dried chromosomes (De Grooth
and Putman, 1992; Fritzsche et ai, 1994; Mariani et al., 1994). Cytogenetic abnormalities
as expressed by variations in the chromosome length have also been identified with the
AFM (McMaster et al., 1994). Elastic properties of rehydrated metaphase chromosomes
have also been characterised (Fritzsche and Henderson, 1997a) and mechanical properties
have been measured (Ikai et al., 1997; Xu and Ikai, 1997).

1.7.3.2 In situ hybridisation of chromosomes
The AFM has also been used to locate DNA probes on in situ hybridised chromosomes
(Putman et al., 1993b; Rasch, 1993; Moers et al., 1995). However, McMaster et al.
(1996a), found that in situ hybridisation of plant chromosomes led to a more severe
degradation of native structure than those observed in the banding procedure, although it
was still possible to correlate the optical signal with the topography of the hybridised
chromosome. Fluorescence in situ hybridisation [FISHJ has been used to label specific
DNA sequences of spread chromatin (Fritzsche and Henderson, 1996a; Fritzsche et al.,
1996). Different pericentromeric chromosome regions have been

located using

fluorescence microscopy and correlated with scanning force microscope topography, thus
opening the possibility for the ultrastructural characterisation of defined genes in the
scanning force microscope. The AFM tip has also been used to dissect a chromosomal
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region of interest, with subsequent nano-extraction of the DNA material. Chromosome
bands have been cut by the AFM tip at high force with the genetic material of a single cut
attaching itself to the tip. It was extracted and amplified using degenerate oligonucleotideprimed-PCR. Fluorescence in-situ hybridisation was performed, subsequent to hapten
labeling and chromosome band-specific probes visualised by standard fluorescence
microscopy (Thalhammer er«/., 1997a, 1997b).

1.7.3.3 Polytene chromosomes

Puppels et al. (1992) analysed the banding pattern of polytene chromosomes (giant,
interphase i.e. transcriptionally active chromosomes found in specialised insect cells; for a
review see Hill and Rudkin, 1987) using a combined Raman microspectroscope [RpS] and
AFM study. DNA and protein contents of band and interband regions were studied and
AFM images of comparable resolution obtained. Bands showed high topography and
interbands low or flat topography in the AFM. Similar chromosomal studies were
conducted by Mosher et al. (1994), where the AFM was employed as a nano-manipulation
tool. Segments from band and interband regions of Drosophila melanogaster polytene
chromosomes were removed at a greater resolution than can be achieved by conventional
techniques. Amplification of the isolated chromosomal DNA adsorbed onto a scanning
probe apex by the polymerase chain reaction [PCR] was then performed. Chromosomes
were also shown to be structurally responsive to environmental conditions, such as
hydration in PBS.
Vesenka et al. (1995) combined an inverted optical microscope with the AFM, enabling the
use of fluorescent markers on a variety of biological specimens including polytene
chromosomes. Internal structure could be determined to 200 nm resolution and surface
morphology of the same sample to 20 nm resolution, while imaging under physiological
69

conditions. Oxide-sharpened tips were used to precisely dissect defined chromosomal
regions in a study to illustrate the potential use of the AFM in the characterisation and
manipulation of chromosomes and chromosomal DNA (Jondle et al, 1995). An entire
polytene chromosome of Drosophila has also been imaged with a tapping mode AFM in
air (Li et al., 1996). De Grauw et al. (1998) performed an AFM study on the general fibre
structures in bands and interbands of fixed polytene chromosomes.

1.7.3.4 DNA and chromatin
A variety of preparation techniques have been reported for visualisation of single DNA
molecules by AFM (for a review see Hansma et al., 1996). Methods include electron
microscopic-based procedures such as protein monolayer spreading (Yang and Shao,
1993), detergent spreads (Schaper et al., 1993), cation-mediated adsorption on mica
(Vesenka et al., 1992a) and silanisation of support surfaces (Lyubchenko et al., 1993a).
Bustamante et al. (1992, 1993) imaged circular molecules of plasmid DNA deposited on
red mica, under various relative humidities with the AFM. Images of Escherichia coli RNA
polymerase-DNA complex were obtained in related experiments. Vesenka et al. (1992b)
showed that unrefined electron beam deposited microtips with nanometer scale surface
irregularities or ‘nanotips’ achieve greater sensitivity for imaging DNA and chromatin in
air and propanol.
Linear DNA molecules, to which 5 nm gold spheres were attached, were deposited and
imaged by Shaiu et al. (1993a, 1993b). Orientation of the DNA molecules on the mica
surface was facilitated by the gold spheres. They are potentially useful as internal height
standards and as high resolution gene or sequence specific tags.
The AFM has also provided clear identification of individual coiled plasmid molecules and
permitted the direct assignment of the local chirality of the supercoiling (Samori et al..
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1993b). Reproducible images of DNA and the interaction of RNA polymerase with
supercoiled DNA on mica and DNase 1 digesting DNA have also been obtained
(Zenhausem et ai, 1992b; Bezanilla et al, 1994; Guthold et ai, 1994). The recovery of
plasmid DNA with a silicon nitride AFM tip at an acidic pH has also been confirmed. This
opens up the possibility of recovering one or several DNA molecules with an AFM tip
from biological sample surfaces, including that of a chromosome, for subsequent
amplification and sequence determination (Xu and Ikai, 1998a; 1998b).
AFM measurements of individual nucleosome cores and linker DNA could also be
performed along the chromatin fiber axis, thus demonstrating that useful high resolution
structural information could be provided, which could be used to complement other more
established techniques (Allen et ai, 1993a; Martin et ai, 1995; Leuba et ai, 1998a,
1998b).
Salt sensitivity of the nucleosomal chain has been investigated using the AFM (Zlatanova
et ai, 1994). Structural changes induced by adsoiption, drying and tip-sample interaction
during imaging, affect sample height. Images of DNA have been obtained, which have a
coiled morphology of a size comparable to the turns of the double helix (Hansma et ai,
1995; Shao et al, 1996). Thus, there are many applications for AFM of DNA (Hansma et
al, 1995).
The AFM has also been applied as an alternative tool for investigating the structure of
sperm chromatin (Allen et al, 1993b; Hud et al, 1993). Volume measurements have been
performed by AFM on sperm chromatin to determine the extent of hydration (Allen et al,
1996), and in the investigation of human sperm with head-shape abnormalities (Lee et al,
1997).
Chicken RBC chromatin fibres have been imaged with the AFM and the three-dimensional
organisation of the fibres revealed (Leuba et al, 1994; Fritzsche et al, 1994, 1995;
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Fritzsche and Henderson, 1996b, 1997b). Four folding patterns of the higher-order
structure of chromatin were observed, close to their native condition (Liu et al, 1998).
Diaspro (1996) suggests that a combined AFM/confocal optical sectioning microscope
could represent the best solution for studying chromatin structure (Putman et al, 1993b).

1.7.3.5 Classification of chromosomes

High resolution AFM images of plant chromosomes from cereal grasses Triticum aestivum
(bread wheat), Triticum tauschii and Hondeum vulgare (barley) have been obtained, using
standard mitotic rnelaphase squashes (McMaster et al, 1996a). Complete metaphases of T.
Tauschii were imaged and a karyotype constructed using arm length and ratio from linear
measurements taken directly from the captured data. The volumes of complete metaphase
sets of maize and barley chromosomes were calculated from three dimensional atomic
force microscopy data and it was found that the results correlated well with a classification
by arm lengths and ratios (McMaster et al., 1996b). Volume of human metaphase
chromosomes has also been determined with the AFM. AFM-determined volumes of airdried chromosomes were only about one-third of the values based on TEM studies due to
the different hydration state. The AFM-determined volume of the rehydrated chromosomes
was comparable to values from TEM studies (Fritzsche and Henderson, 1996c). The TEM
study used an embedding technique which should preserve the native hydrated volume of
the chromosomes to a large degree (Heslop-Harrison et al., 1989).
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1.8 Aims of this Project

The application of the AFM within the haematological and cytogenetic fields was studied
in this project. Specific emphasis was placed on the quantification of red blood cells and
chromosomes. The aims of the project were to immobilise both red blood cells and
chromosomes for subsequent imaging and quantification with the AFM.
The specific objectives set out for the project were as follows:
(a) to measure mean cell volumes of immobilised red blood cells using the AFM,
(b) to compare the mean cell volumes of RBCs determined by the AFM with the values
obtained using conventional instruments,
(c) to draw conclusions on the feasibility of using AFM to measure mean cell volumes of
RBCs,
(d) to image metaphase chromosomes with the AFM and perform a karyotype.
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Chapter 2
Materials and Methods

2.1 Materials
The full names and addresses of the sources listed below are given at the end of the list.
Product
Absolute ethanol (Ethyl alcohol)

Catalogue No.
27-074-1
RH1022

Chromosome blood cultures
Colcemid (10 pg/ml)
Decon 90 detergent
EDTA blood samples
Foetal Bovine Serum
Fresh RBCs (Finger-prick)

1512-012
56022

Glacial Acetic Acid
Glutaraldehyde
HPLC H2O
Hydrochloric acid
Isopropanol
KCl
L-Glutamine 200 MM(lOOx)
Leishman stain (iso )ag/mlormcthanoi)
Lithium Heparin samples
Methanol
Nycodenz
Nycoprep
1.150
Penicillin-Streptomycin

2789
G7526
B4218
H7020
10398
10198
25030-024
L6254

10106-060

24228
1002423
1002417
15070-030

Source
Sigma-Aldrich
(Rathbum), Alkem Chemicals
National Centre for Medical
Genetics,
Gibco Brl
Lennox
Cork University Hospital
Gibco Brl
M. O’Reilly-Crowley, CIT
L. McDonnell, CIT
Riedel-de-Haen
Sigma
Ocon Chemicals
Sigma
Sigma
BDH Chemicals
Gibco Brl
Sigma
Cork University Hospital
Riedel-de-Haen
Nycomed
Nycomed
Gibco Brl

(5000 I.U./ml 5000 ^g/ml)

Phytohemagglutinin (M Form)
Phosphate buffered saline, pH 7.4
Plain blood samples
Poly-L-lysine, Hydrobromide
RPMl 1640 Medium
Sodium Chloride

10576-015
P3813
P 1524
51871-010
1.06404.0500

Gibco Brl
Sigma
Cork University Hospital
Sigma
Gibco Brl
Merck

Solutions
96% (v/v) ethanol (96 ml ethyl alcohol + 4 ml dist. H2O)
Saline (58.44 g NaCl / 1000 ml H2O = IM)
0.9% (w/v) saline (0.9% (w/v) NaCl = 0.9 g NaCl / 100 ml dist. H2O)
Low ionic strength saline: To make 10 litres: (1) 180 g of glycine was dissolved in 5 litres
of dist. H2O and pH adjusted to 6.7 (with ~ 4.5 ml IM NaOH, added dropwise). (2)
2.67 g Na2HP04.2H20 was dissolved in 100 ml H2O and 2.34 g NaH2P042H20 in
100 ml dist. H2O; and each added together ( = 200 ml buffer). (3) 17.9 g NaCl was
dissolved in 1 litre of dist. H2O. (1), (2) and (3) were added together and made up to
10 litres with dist. H2O, to give a final pH ~ 6.7
Reagents for Nycodenz/Nycoprep:
Tris (NH 2C(CH 20H)3 MW 121.14); 5 mmol/1 = 0.3028 g / 500 ml
KCl MW 74.55 g/1; 3 mmol/1 = 0.111825 g / 500 ml
CaNa 2 EDTA (CioHi4N2Na208.2H20) MW 372.24; 0.3 mmol/1 = 0.0558 g / 500 ml
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Buffered Medium: Using prepared 5 mmol/1 Tris i.e. 0.3028 g Tris / 500 ml dist. H2O, pH
was adjusted to pH 7.5 with HCl. 0.1118 g / 500 ml (3 mmol/1) KCl
and 0.0558 g / 500 ml (0.3 mmol/1) EDTA was added. Final pH 7.45
Refractive index (20°C) 1.3331; Osmolality 20 mOsm
Nycodenz in isotonic solution: 27.6 g solid Nycodenz dissolved in the above medium and
made up to 100 ml with that medium.
Refractive index (20°C) 1.3784; Osmolality 290+/-1 mOsm;
Density (20°C) 1.15 g / ml.
Diluent A Solution: 0.75 g NaCl was dissolved in the buffered medium and made up to
100 ml with medium. Refractive index (20°C) 1.3345; Osmolality
250 +/- 1 mOsm; Density (20°C) 1.003 g/ml.
Nycoprep™ 1.150: 27.6 % (w/v) solid Nycodenz dissolved in the above buffer solution. It
is a readymade, sterile and pyrogen tested solution of Nycodenz, NN'Bis(2,3-dihydroxypropyl)-5-(N-(2,3-dihydroxylpropyl)acetamido)2,4,6-triiodo-isophtal -amide, made up in a buffered isotonic medium.
Density: 1.150 g/ml; Refractive index: 1.3784; Osmolality: 290 mOsm
Reagents for blood cultures:
Blood culture medium:
RPMI 1640 Blood Medium 400 ml
Foetal calf serum
100 ml
L-glutamine
5 ml
Penicillin-Streptomycin
5 ml
PHA
12.5 ml
Aliquot 10 mis per 15 ml centrifuge tube, date the tube and freeze. (Lasts approx. 6 weeks).
When required, remove from freezer and allow to thaw in warm water.
Other reagents:
0.075M KCl : Add 2.82 g KCl to 500 ml deionised water. Store the stock at 4°C, removing
aliquots as needed. Aliquots should be pre-warmed to 37°C prior to using.
Fixative : 1 part glacial acetic acid : 3 parts methanol (Make up fresh).

Equipment
Model
Atomic force microscope
Explorer
Scanner
130 pm xy
Cantilever
Silicon
Tips
Contact point probes
Centrifuge
Jouan C412
Coplin staining jar
406/0225/00
Eppendorf tubes
M45174
Microscope polished glass-slides
Optical light microscope
Nikon Allphot 2
Automated cytochemical analyser
Technicon HI
Ultra-sonic bath
8890 Cole-Parmer
Unistik 2 (a single use capillary blood sampling device)
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Source
TopoMetrix

Nanosensors
Alkem Chemicals
Sarstedt
Alkem Chemicals
Nikon
Technicon Instruments Corp.
Foss Electric
Alkem Chemicals

Addresses of suppliers
Alkem Chemicals Ltd.

Alkem Chemicals Ltd.,
Little Island, Co. Cork.

BDH Chemicals

BDH Chemicals Ltd.,
Poole, England.

Cork University Hospital

Cork University Hospital,
Wilton, Cork.

Foss Electric

Foss Electric,
Sandyford Industrial Estate,
Corrig Rd, Foxrock, D18.

Gibco Brl

(Gibco Brl), Biosciences,
3 Charlemont Tee., Crofton Rd.,
Dun Laoghaire, Co. Dublin.

Lennox

Lennox,
Laboratory Supplies Ltd.,
John F. Kennedy Drive,
Naas Road, D12.

Merck

Merck, D-64271 Darmstadt,
Germany.

Nanosensors

Nanosensors GmbH, Watzlar,
Germany.

National Centre for Medical Genetics

National Centre for Medical
Genetics, Our Lady’s Hospital
for Sick Children, Crumlin,
D12.

Nikon

The Micron Optical Co. Ltd,
Ballybeg-Screen,
Enniscorty,
Co. Wexford.

Nycomed

Nycomed(UK) Ltd.,
Nycomed House,
2111 Coventry Rd, Sheldon,
Birmingham B26 3EA.

Ocon Chemicals

Ocon Chemicals,
Unit 5, South Cork Industrial
Estate, Vicars Rd., Pouladuff,
Cork.
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Riedel-de Haen

Riedel-de Haen,
Riedel-de Haen AG,
D-3016 Seelze 1.

Sarstedt

Sarstedt,
Drinagh, Wexford.

Sigma

Sigma Chemicals Co. Ltd.,
Fancy Road, Poole,
Dorset, U.K.

Sigma-Aldrich

Sigma-Aldrich,
Gillingham,
Dorset SP8 4JL,
England.

Technicon Instruments Corp.

Technicon Instruments Corp.
Tarrytown,
New York 10591.

TopoMetrix

TopoMetrix,
5403 Betsy Ross drive,
Santa Clara, CA 95054-1192,
USA.
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2.2 Immobilisation techniques for red blood cells
2.2.1 Modified method of Butt et al. (1990)

Red blood cells were immobilised and imaged essentially as described by Butt et al. (1990)
with the following modifications. Briefly, microscope glass slides were coated with poly-Llysine for firm attachment of a monolayer of red blood cells. Slides were cleaned prior to
treatment with poly-L-lysine to assure an even coating. The slides were washed with
DECON 90 detergent followed by a rinse in tap water and 2 rinses in distilled water. Slides
were air-dried. Slides were coated by dipping clean glass-slides in a 1 mg/ml solution of
poly-L-lysine and air-dried. They were stored in a petri-dish until required.
Freshly drawn human blood was obtained by piercing the thumb with a UNISTIK 2 (a
single use capillary blood sampling device). The blood-droplet (4 pi) was diluted in 100 pi
of phosphate-buffered saline in an eppendorf tube. The diluted sample was applied to a
marked area on the slide and allowed to stand for 5 minutes at room temperature. The slide
had been marked underneath with an ink marker into a square (approx. 10 mm x 10 mm) as
an obseiwation aid. Glutaraldehyde (0.75% (v/v), a compromised cone.) in PBS was then
pipetted onto the sample and the slide was allowed stand for 1 minute. The slide was then
rinsed with PBS and examined under the light microscope. A monolayer of RBCs should
be attached to the slide. Adherent cells were imaged by AFM in contact mode in PBS at
room temperature.
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2.2.2 Blood film immobilisation technique
A fresh EDTA blood sample was taken and blood filled to the line-mark in tube. A full
blood count was performed to obtain red blood cell indices. A blood sample (4 pi) of wellmixed EDTA blood was pipetted onto a polished microscope glass slide about 2 cm from
one end. A second glass-slide ‘spreader’ with a smooth edge was placed on the slide in
front of the drop of blood and drawn backwards to touch the drop to allow the blood to run
along the width of the spreader by capillary attraction. The spreader was held at an angle of
30 degrees between thumb and forefinger and with one smooth movement was pushed
along the slide to leave a film of blood. The film was air-fixed rapidly by waving the slide
vigorously. The film was examined under the optical microscope and areas where there
was a monolayer of red blood cells, spread without overlap, were marked with a lens
marker to encircle the area of interest to be imaged with the AFM. The film was kept dustfree by storing in a container until imaging was performed with the AFM.

2.3 Staining of blood film using Leishman’s stain
The dry, unfixed blood film was covered with undiluted Leishman’s stain and allowed to
remain for 30-60 seconds. The shorter time was used in hot weather. Twice the volume of
buffered dist. H2O, pH 6.8, was added to the undiluted stain on the slide, mixed by gentle
rocking and allowed to stain for 10 minutes. The stain was flooded off with buffered dist.
H2O and washed until the film was pink (up to 2 minutes).
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2.4 Isolation of red blood cells
2.4.1 Isolation of RBC sub-fractions using Nycoprep^''^ 1.150
The following solutions were made up from Nycoprep™ 1.150 and isotonic Phosphate
Buffered Saline [PBS]:
Solution A : One part Nycoprep’^'^ of density 1.150 was mixed with one part PBS to give a
final density of 1.075 g/ml.
Solution B: One part Nycoprep^*^ of density 1.150 was mixed with one part of solution A
to give a final density of 1.1105 g/ml.
Solution C: Two parts solution A was mixed with one part solution B to give a final
density of 1.087 g/ml.
Solution D: One part solution A was mixed with two parts solution B to give a final density
of 1.099 g/ml.
Aliquots (1.5 ml) of each solution was carefully underlayered into a centrifuge tube least
dense first, to form a discontinuous gradient. Packed RBCs (0.25 ml) was layered on top of
the gradient and centrifuged at 1,670 rpm (500 x g) for 30 minutes at room temperature.
Cells were banded at each interface after centrifugation and were harvested using a Pasteur
pipette. The cells of each band were washed using standard procedures. Older RBCs tended
to band at higher buoyant densities than younger cells.

2.4.2 Isolation of RBC sub-fractions using a modification of Nycoprep^^ 1.150
method
Solutions A, B, C and D were prepared using Nycoprep^*^ as above (Method 2.4.1 Isolation
of RBC subfractions). Aliquots (1.5 ml) of each solution were underlayered into centrifuge
tubes X 4, least dense first, to form a discontinuous gradient i.e. Sol. A, C, D and B. Packed
RBCs (0.25 ml) from plain and EDTA samples were layered on top of separate gradients.
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Both plain and EDTA sample gradients were centrifuged at 1,670 rpm as in the method of
Nycomed and at 1,900 rpm, for 30 minutes at room temperature centrifugation. Cells were
banded into 3 divisions only for the 1,900 rpm spin and each interface was harvested using
a Pasteur pipette. Cells of each interface were washed using standard procedures i.e. 0.9%
saline with each division being washed with saline x 3 at 1,400 rpm for 10 minutes. Using
20% cone. RBCs, blood films were made on glass-slides and fixed in air and 96% alcohol.

2.4.3 Isolation of RBCs using Nycodenz-NaCI Gradients, prepared from Nycoprep^^
1.150 and a sodium chloride diluent
Gradients were prepared by the diffusion of four solutions of Nycodenz as follows:
Four solutions of % (w/v) Nycodenz 27.6, 18.4, 13.8, 9.2 were prepared (See Appendix,
Table 2). Solutions were overlayered to form a discontinuous gradient. The top of the tube
was plugged and the tube was allowed to lie on its side, to allow diffusion of solutions. A
smooth gradient forms within 45-60 min at a temperature between 6-20°C. (*Gradients of
Nycodenz produced from four solutions have the following advantages over those formed
from two solutions: (i) gradients form quicker; (ii) an almost linear gradient is obtained;
(iii) there is less deviation from isotonicity across the gradient).
EDTA and plain specimens were spun at 500 rpm for 5 minutes and supernatant fluid
removed. Packed RBCs (0.25 ml) was layered on top of gradient and tube centrifuged at
500 X g (1,670 rpm) for 30 minutes at room temperature. After centrifugation, cells should
be banded at each interface and harvested with a pasteur pipette. EDTA sample:. Each
layer was washed with saline x 2 at 1,000 rpm for 5 minutes and blood films x 2 were
made for each of the above 3 layers (after washing) and fixed in air and 96% alcohol.
Original EDTA sample: Blood films x 2 were made. One film was fixed in air, while the
second film was fixed in air and 96% alcohol.
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2.5 Atomic force microscopy

Atomic force microscopy was performed using a commercial atomic force microscope
(TopoMetrix Corp., Santa Clara, CA), The model used was the Explorer which is a
scanning cantilever design.
Samples were placed on the translator with the tip scanning the sample over areas up to
130 pm. The AFM was placed on a table positioned on a concrete platform of dimensions
1 m

X

1 m

X

1 m depth. Scanning time for a single image depended on scan parameters e.g.

a 100 pm X 100 pm image, 400 pixels, scan rate 200 pm/sec. would take 200 seconds (3.33
minutes). Micro fabricated silicon cantilevers with a spring constant of approximately 0.3
N/m were used. Force applied to the sample was typically 20 nN in air. The force is higher
in air than in liquids due to additional van der Waals and meniscus forces (Weisenhom et
ai, 1989).
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2.6 Measuring mean cell volume [MCV] of red blood cells with the AFM
Software packages available in-house for quantification of AFM images of red blood cells
included Image SXM (Version 1.58), Ultimage® - Optilab® (Version 2.6) and SPMLab
(Release 3.06) (See Section 4.1.7).
SPMLab (Release 3.06) was the software package used in this thesis (See Section 4.1.8).
Line analysis, area analysis and particle analysis were examined in an attempt to correlate a
parameter with the MCV. AFM images were initially levelled using first order levelling
before being analysed.

2.6.1 Examining line analysis as a means of measuring MCV
Using the line analysis parameter, measurements were taken of average width (pm),
average height (pm) and average depth of depression (pm) of RBCs for both normal and
abnormal blood film samples and results examined for any correlation with the MCV (See
Section 4.2.1). The width was measured at half the height of the RBC. This parameter was
only briefly analysed as the curvature of the RBC needs to be taken into account for
accurate volume measurements.

2.6.2 Examining area analysis as a means of measuring MCV
Using the area analysis function in the software, the surface area parameter was examined
in an attempt to correlate it with the MCV. Surface analysis functions can be applied to the
image with a choice of either the entire area or a user-defined area of an image being
analysed.
A change in ‘surface area’ was found when RBCs were laid down, as opposed to the
‘projected area’ or blank background area. Area of RBCs was calculated by subtracting the
projected area from the surface area and dividing by the number of RBCs. However, it was
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concluded that the above calculation was not accurate as one was not taking the ‘correct
projected area’ into account, i.e. background or blank area. Thus, it was decided to use
Surface Area Ratio [SAR], calculated by dividing surface area by ‘Correct’ projected area.
SAR per RBC was then calculated. The effect of overlapping RBCs on SAR per RBC was
also examined.
Correlation between the SAR per RBC value and the size of the RBC was not obtained,
possibly due to the background surface roughness which was used in the calculation
(Section 4.2.2.6). However, there was correlation between the average surface area of the
RBC and the MCV value of the sample.

2.6.3 Examining particle analysis as a means of measuring MCV
Using this function, information on all particles or individual particles could be obtained.
This included volume, area, perimeter, average height and maximum height (See Chapter
4). However, to use particle analysis a threshold level had to be set, where particles became
shaded in. This was difficult to set, as different settings gave different volumes. Also, by
lowering the threshold, particles would begin to join up and be counted as one. Thus,
threshold setting was subjective. Volume measurements were obtained on both normal and
abnormal films. Volume per RBC was called immobilised mean cell volume (IMCV) and
was compared with MCV. Volumes of individual RBCs for images with very little RBC
overlap and images with a lot of RBC overlap were measured and compared. Cumulative
IMCV vs. No. of RBCs was graphed to examine for a trend in RBC measurements.
Histograms were used to examine RBC volume frequency and frequency vs. IMCV for
images x 50 of the same sample. Volumes of individual RBCs obtained by two software
methods were compared.
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The method finally employed to quantify RBCs consisted of:
•

initially planar levelling an entire image

•

zooming in on 100 individual discrete RBCs and using line analysis obtaining 4 height
values for the height of the base edge of the RBC

•

an average height value was calculated to give a value which was used to obtain the
threshold RBC level

•

using ‘partial image’ the RBC was zoomed in upon further and the volume taken

•

an IMCV was subsequently calculated.
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2.7 Preparation of chromosomes from human blood cultures
Mitotic cells are normally not present in peripheral blood. However, with the use of
mitogens, selected lymphocytes can be stimulated to initiate mitosis. Phytohemagglutinin
[PHA] is commonly used to stimulate mitosis in human lymphocytes, while colcemid is
used to arrest mitosis by binding to the mitotic spindle. With the use of short colcemid
times and methods for synchronization, the dividing cells may be arrested at a time optimal
for chromosome study, i.e. late prophase to early metaphase. Mitosis is arrested with
colcemid and a hypotonic solution, KCl, is used to produce swelling of each cell by
osmosis. The red blood cells lyse. Fixative preserves the cells and when the cell suspension
is subsequently dropped onto a slide, evaporation of the fixative causes flattening of the
cell and spreading of the chromosomes. The protocol used for this trial was that used by the
National Centre for Medical Genetics.

I. Procedure:
In a laminar flow hood and using strict sterile technique, media were prepared by mixing:
RPMI 1640 blood medium (80 ml), foetal calf serum (20 ml), L-glutamine (1ml), Pen-strep
(1ml) and PHA (2.5 ml). Media was aliquoted in 10 mis per 15 ml centrifuge tube, with
tubes not required being freezed. The cap on a tube of media was loosened. Any problems
with blood sample (eg clotting, wrong tube) should be noted. The tube(s) of blood for the
patient being set up was carefully inverted in order to mix the blood thoroughly. A lithium
heparin blood sample less than 2-3 days old was found to be the most satisfactory type of
sample to use. The blood tube was opened and 0.5 ml of blood was withdrawn with a
transfer pipette. The top was replaced on the blood tube and 0.5 ml blood placed into a 10
ml complete medium. The caps on the media tubes were tightened and inverted carefully to
mix the blood and media thoroughly. The tubes were then placed into slant racks in the
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incubator and the temperature was checked to make sure it was holding at 37°C. The
culture was harvested after 72 h.
II. Harvest of blood cultures:
Colcemid (0.1 ml) was added to each 10 ml culture, mixed well by gentle inversion and
incubated for 10 minutes. At harvest, a slightly yellow coloured media implies that the
culture is viable. Tubes were centrifuged at 1,200 rpm for 5 minutes. The supernatant was
discarded and the pellet resuspended in any remaining liquid by gently tapping the bottom
of the tube. It is critical to get the pellet resuspended and this was achieved by adding two
transfer pipettes (~1 ml) of pre-warmed (~37°C) 0.075M KCl. A 10 minute timer was
started when the last tube had 2 pipettes of KCl added. The volume was brought up to 10
ml and the tube was mixed by inversion. Tubes were incubated at 37°C for 12-14 minutes
and centrifuged for 5 minutes at 1,200 rpm. All but 1ml of supernatant was removed. The
pellet was broken-up by gently tapping the tube. It is critical to get the pellet resuspended
before adding the fixative. Ice cold, fresh fixative was added dropwise until the solution
turned reddish brown, mixing after each drop by gently tapping the tube. Volume was
brought up to 10 ml and the tube was capped and mixed by gentle inversion. It was allowed
to stand at room temperature for 10 minutes. The tube was centrifuged at 1,200 rpm for 5
minutes. The pellet was washed x 2 with 8 ml of fresh fixative at a centrifugation speed of
1,200 rpm for 5 minutes. The tube was sealed tightly until ready to prepare slides. The
sample was refrigerated if storing overnight.
Note: Tubes should be mixed gently but yet firmly. There should be no clumps present but
if there are, the tube should be allowed settle and the clumps subsequently removed. If a
very large brown pellet is obtained, the pellet can be washed in 1:1 fixative
(methanol:acetic acid), centrifuged, and pellet resuspended in 3:1 fixative before making
the slides.
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III. Slide preparation:
Slides were washed with 70% ethanol and wiped clean. Slides were labelled and dated. The
supernatant was decanted from the 15 ml tube containing fixed cell pellet and the pellet
was resuspended with ~ 0.2 ml to 0.6 ml of fresh fixative (the amount is estimated on the
size of the cell pellet - enough fixative is added to make a slightly cloudy solution). (NB
not to make suspension too dilute). Fresh distilled water was placed on microscope slide
and 2 or 3 drops of suspended cell solution was dropped onto the microscope slide. The
slide was slanted at a 45° angle and the drops placed onto the slide immediately as the
excess water leaves the slide. The slide was blown across once to increase the spreading.
The slides were examined under the optical microscope and if a problemi was encountered
remedial action was taken as follows:
*Low mitotic index: Add 2-3 ml of fixative to tube, spin down and remove
supernatant. Add less fixative than the initial sample to concentrate the pellet. Drop
slides and recheck under the microscope.
*Too high mitotic Index (crowding): Add a few more drops of fixative to tube
and drop slides again. Recheck under the microscope.
*Clumped spreads (tight, membrane bound): Hold slides over beaker of
steaming water for a few seconds (this should be tried first), or - try diluting the
suspension as for too high mitotic index, or add fixative instead of 3:1 and respin
and drop slides (this should be tried last).
* Scattered spreads: Drop slides from a shorter distance and/or try using dry slides
instead of wet. Do not steam slides.
Note: Slower drying of the slides causes the cells to spread out more.
Metaphase chromosomes were initially located under the optical microscope and the
locations were marked with a marking lens.
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Chapter 3
Immobilising Red Blood Cells for Atomic Force Microscopy
[AFM]

3.1 Introduction
As discussed in Section 1.6.4.1 both ‘living’ and ‘non-living’ RBCs have been imaged with
the AFM. In the ease of ‘living’ RBCs, only individual RBCs can be imaged as the cells
need to be held singly using a micropipette and kept ‘alive’ by being imaged in vitro. For
AFM studies of the large numbers of RBCs needed to determine statistically valid blood cell
parameters the latter method is not practical and it is necessary to immobilise the RBCs onto
a suitably flat and smooth surface.
In this chapter, techniques for separating, immobilising and fixing RBCs are described and
their suitability lor subsequent imaging with the AFM is discussed. There are three main
strands to this chapter, namely:
•

immobilisation of RBCs using a modification of the method of Butt et al. (1990)

•

immobilisation of RBCs using the haematological blood film technique with prior
isolation of RBCs using Nycoprep'^'^

•

immobilisation of RBCs using the routine haematological blood film

While blood films were checked initially with the optical microscope before imaging with
the AFM, only AFM images are presented in this thesis. Also, for clarity, trial protocols are
given in italic text, trial results are denoted by bullets or tabulated, key conelusions of the
trials are highlighted in grey and a diseussion of the trial is given at the end of each section.
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3.2 Results and discussion
3.2.1 A modification of the method of Butt et al. (1990)
The method of Butt et al. (1990) (See Method 2.2.1) as shown in Figure 3.1 consisted of
immobilising RBCs on to coverslips coated with poly-L-lysine (1.0 mg/ml).

Figure 3.1
Step 1

Coverslips were coated with Poly-L-lysine (1 mg/ml)

Step 2

Coverslips were rinsed with lYo (v/v) Glutaraldehyde and then rinsed with
PBS

i
Step 3

Blood (4 pi) was diluted in 100 pi PBS and placed on to a coverslip and
rested for 5 min

i
Step 4

The sample was put into PFo (v/v) glutaraldehyde in PBS, rested for 1 min
and rinsed with PBS

i
Step 5

The sample was imaged by the AFM in contact mode in PBS at room temp.

Sequence of steps in the method of Butt et al. (1990)
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Trial 1
In the initial trial, 2lass-slides were used along with coverslips to lay down the RBCs and
the method followed accordingly. Coverslips were used by Butt et al.

•

The initial AFM images for both the coverslip and glass-slide showed fragments, which
were possibly from unfiltered PBS as they were too small to be RBCs {Figure 3.2(a)).

•

However, on further scanning of the coverslip a cluster of RBCs was imaged. A threedimensional image showed RBCs to be slightly doughnut-shaped and approximately 7
pm in diameter. The RBCs appeared to be embedded in a coating {Figure 3.2(b)).

Figure 3.2
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(a) A shaded image of a blood sample on a coverslip. which shows only fragments. These
are possibly due to either the unfdtered PBS, used to dilute the blood sample and
glutaraldehyde in the method of Butt et al. (1990), or they could also be RBCs sticking out
of the layer. RBCs were not visible under the optical microscope, (b) A shaded threedimensional image of a cluster of RBCs imaged on the coverslip. using the method of Butt
et al. (1990)

PBS should be filtered before use to eliminate the possibility of fragments. The
immobilisation method appears to produce a surface coating on the RBCs.
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Trial 2
Filtered PBS was used to dilute glutaraldehyde to lYo (v/v) in the next trial. Coverslips
were used, as in the original method, but with the modification that the coverslip was
rinsed with IVo (v/v) 2lutaraldehvde prior to application of the sample. This modification
was introduced to try to ensure that a maximum number of RBCs would be laid down on
the coverslip.

•

Under the optical microscope, it was observed that poly-L-lysine seemed ‘to crystallise’
in some regions.

•

When the coverslip was washed with 1% (v/v) glutaraldehyde in PBS, it was observed
by optical microscopy that the loose material present, possibly salt deposits, was
washed off.

•

UsinR optical microscopy, RBCs were seen to be laid down as an even monolayer on
the coverslip, with some clear areas.

•

It was not possible to obtain an image of RBCs with the AFM. AFM images of the
sample were found to have a totally irregular topography.

It was concluded that RBCs were immobilised but buried by an optically transparent layer
which appeared to have a crystalline structure and rendered the AFM images irregular.
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Trial 3

An area of the blood sample monolayer surface originally imaged was scraped with a
needle to determine whether the proposed layer of optically ‘transparent material ’ could
he removed.

•

On scraping the blood sample monolayer, a narrow ribbon-like strip containing RBCs
was obtained. The end of the strip was still attached to the slide and was observed
under the optical microscope. The strip waved about when the side of the microscope
stage was tapped.

•

AFM image topography suggested that the RBCs were embedded in a transparent layer
of presumably either poly-L-lysine and/or glutaraldehyde.

•

The sample was allowed to dry as it had been imaged in PBS at room temperature.
When viewed under the optical microscope, RBCs were not crenated and had a normal
biconcave shape, which implied that RBCs were preserved intact.

It was evident that either glutaraldehyde and/or poly-L-lysine produced an optically
transparent layer that was sufficiently thick to completely bury the RBCs and render them
inaccessible to the AFM.
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Trial 4
Glutaraldehvde steps were omitted in the next trial. A further modification of the method
included rinsin2 a coverslip with PBS after drvin2 of polv-L-lvsine, while a second
coverslip was not rinsed with PBS after dr\>in2 of polv-L-lvsine as per method.

•

The coverslip rinsed with PBS after drying of polv-L-lvsine was examined under the
optical microscope and was seen to have RBCs of both normal and distorted
morphology.

•

For the coverslip which had not been rinsed with PBS after drying of polv-L-lvsine the
RBCs had become dried out and crenated.

Rinsing the coverslip with PBS after drying of poly-L-lysine resulted in a mixture of RBCs
with both normal and distorted morphology. An excess of poly-L-lysine was postulated as
the reason.
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Trial 5

The concentration ofpoly-L-lysine used in the next trial was as per method i.e. 1 ms/ml for
coverslips 1 and 2. with the variation of 0.5 ms/ml for coverslips 3 and 4. Coverslips were
coated with poly-L-lysine and were allowed to dry for two days. The protocol was followed
for coverslip 1, whereas for coverslip 2, glutaraldehyde 1% (v/v) was omitted and the
sample was washed in PBS. For coverslips 3 and 4, the first glutaraldehyde step in the
protocol was omitted.

•

RBCs were visible under the optical microscope for coverslip 1 coated with poly-Llysine (1.0 mg/ml). When the sample was allowed to dry the RBCs were preserved.

•

On imaging coverslip 1 with the AFM, no image of RBCs could be obtained.

•

RBCs were not visible under the optical microscope for coverslip 2 and may have been
washed off.

•

Under the optical microscope RBCs were laid down as a monolayer for coverslips 3
and 4. These coverslips had been coated with poly-L-lysine (0.5 mg/ml), with the first
glutaraldehyde step omitted in the protocol.

•

On imaging coverslips 3 and 4 with the AFM some RBCs were found.

•

AFM images taken under PBS showed that spaces between the RBCs narrowed over a
time-span of two hours, suggesting that something was being laid down, possibly PBS
or glutaraldehyde.

RBCs seemed to be embedded in poly-L-lysine. AFM images of some RBCs were obtained
when a lower concentration of poly-L-lysine, i.e. 0.5 mg/ml, was used.
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Trial 6

A poly-L-lvsine (0.5 ms/ml) coated coverslip was allowed to dry for a few days, in case
poly-L-lysine had not sufficiently dried before use within the previous trials. The first
glutaraldehyde step was omitted.

•

Again, it was found that as observed under the optical microscope RBCs were
preserved.

Trial 7

Both 2lutaraldehvde steps were omitted in the next trial with 0.5 mg/ml poly-L-lysine being
used to coat the coverslip.

•

Under the optical microscope, less RBCs were found to be attached to the coverslip and
RBCs were crenated.

•

An AFM image showing irregular topography and no RBCs was obtained.

Glutaraldehyde is needed for fixing the RBCs but it is also forming an optically transparent
layer that covers the RBCs.
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Trial 8

Microscope 2lass-slides were used for the next trial. Glutaraldehyde 1 % was used only at
the second step for Slide A and both glutaraldehyde steps were omitted for Slide B.

•

Under the optical microscope, a monolayer of fixed RBCs of normal shape was
observed for Slide A, whereas RBCs were crenated in Slide B.

•

RBCs were imaged with the AFM for Slide A {Figure 3.3) whereas images of
fragments less than half the size of a RBC were obtained for Slide B. For Slide A the
RBCs were partly submerged in a coating.

Figure 3.3
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Large-scale (100 pm) shaded image of RBCs obtained for Slide A. A modification of the
method of Butt et al, 1990 was used, where glutaraldehyde 1% was used at the second
glutaraldehyde step only.
Glutaraldehyde fixes the RBCs but the first glutaraldehyde step needs to be omitted to
prevent the formation of a transparent layer of glutaraldehyde. Microscope glass-slides or
coverslips can be used.
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Trial 9
The effect of changing the concentration of slutaraldehyde for the above protocol i.e.
omitting the first glutaraldehyde step was studied. Microscope glass-slides were used with
glutaraldehyde IVo being used for Slide A and glutaraldehyde 0.5% being used for Slide B.

•

RBCs were visible and doughnut-shaped for Slide A but there also appeared to be a
surface coating {Figure 3.4(a)).

•

RBCs were also visible and doughnut-shaped for Slide B but some had distorted
morphology {Figure 3.4(b)). The image is streaky which is indicative of debris.

Figure 3.4
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(a) A top-view image of doughnut-shaped RBCs obtained when glutaraldehyde lYo was
used only at the second step of the method of Butt et al. (1990) (b) A top-view image of
doughnut-shaped and distorted RBCs obtained when glutaraldehyde 0.5%) was used only
at the second step of the method of Butt et al. (1990).

It was concluded that as a compromise, a 0.75% concentration of glutaraldehyde would be
used in the second step, with the first glutaraldehyde step being omitted, for any future
trials.
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Discussion of trial 3.2.1
Modifications to the method of Butt et al. included using the following:
•

microscope glass-slides which were pre-cleaned with Decon 90 detergent to ensure an
even coating of RBCs

•

glass-slides pre-coated with poly-L-lysine (1.0 mg/ml) and allowed to dry for a few
days

•

pre-filtered PBS, in order to eliminate salt deposit on the sample

•

omitting glutaraldehyde at the first step and using a concentration of 0.75% in the
second step.

While AFM images of doughnut-shaped RBCs were obtained, the images were often of
poor quality with clear evidence of a coating present on the glass-slide.
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3.2.2 Isolation of RBCs using Nycoprep^'^ 1.150
Given the difficulties experienced with the method of Butt et ai, 1990, it was decided to
isolate RBCs using Nycoprep'^^. Nycodenz®, a ready-made solution under the generic
name Nycoprep^’^ having a low osmolality is an ideal medium for the separation of intact
living cells. (See Section 1.6.2.5 Isolation of RBCs using Nycoprep™ 1.150)

3.2.2.1 Isolation of RBCs using Nycoprep^"^ 1.150 and PBS solutions to form a
gradient
In the initial trial the method of the suppliers Nycomed was used (Nycomed, 1993). A
discontinuous gradient using 4 dijferent density solutions of Nvcoprep™ 1.150 and PBS
was formed. Packed RBCs from a plain blood sample were layered on top of the gradient
and initially centrifuged at a lower speed of 1,400 rpni to avoid damage to the cells (1,670
rpm is given in the procedure (See Method 2.4.1)).
•

It was found that RBCs did not form bands but accumulated in the lower half of the
tube. This was possibly due to the reduced centrifugation speed of 1,400 rpm.

The procedure was repeated at a centrifugation speed of 1,670 rpm as in the method of
Nycomed and at the higher speed of 1,900 rpm (See Method 2.4.2).
•

RBCs were banded into three separate divisions after the 1,900 rpm centrifugation
speed but not after the 1,670 rpm speed.

RBCs from the three divisions after the 1,900 rpm centrifugation speed were washed using
standard washing procedures, i.e. washing with saline three times at 1,400 rpm for 10 min.
Finally, blood fdms were made using a 20yo concentration of RBCs from each
concentrated RBC layer and were fixed in air and 96% alcohol + 4% HPLC grade H2O.
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•

Under the optical microscope, RBCs from the divisions obtained after the 1,900 rpm
centrifugation speed appeared as a mixture of both normal and abnormal morphologies.

Using Nycoprep™, a centrifugation speed of 1,900 rpm was found necessary to separate
the RBCs into three separate divisions as opposed to the lower centrifugation speed of
1,670 rpm given by the manufacturer. RBCs from these divisions appeared as a mixture of
both normal and abnormal morphologies under the optical microscope. Repeat trials gave
similar results. Hence this method was not pursued any further.
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3.2.2.2

Isolation

NycoprepT"^

of RBCs using Nycodenz-NaCl Gradients, prepared from

1.150

and

a

sodium

chloride

diluent with

their

subsequent

immobilisation and imaging with the AFM
A discontinuous gradient was formed by overlaying four solutions of Nycodenz (See
Method 2.4.3) in a tube and allowing them to diffuse by laying the tube on its side. A
gradient forms within 45 - 60 min. Both EDTA and plain blood samples were used in the
trial, with packed RBCs from each sample being layered on top of the gradients and the
tubes centrifuged. After centrifugation, the cells should be banded at each interface.
•

For the plain blood sample, RBCs were difficult to pipette from the various divisions in
the gradient. Haemolysis was present in the upper section of the tube, with debris
present in the mid- to lower region which made pipetting difficult.

•

The EDTA sample gradient had an upper clear region with no RBCs present, a light
density area of RBCs, a denser mid-area of RBCs and a lower light density area of
RBCs.

RBCs from the plain blood sample were unsuitable to use as they were difficult to pipette
from the various divisions. Haemolysis and debris were also present. RBCs from the EDTA
sample were banded at each interface.
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Blood fdms were made using each of the three EDTA RBC layers i.e. unwashed RBC
layers. Each layer was then washed with saline three times i.e. washed RBC layers and
blood fdms were made. All blood films were fixed in air and 96% alcohol + 4%) HPLC
grade H2O and imaged with the AFM. Blood films were also made using the original
EDTA sample as a comparison study. One film was fixed in air only and a second in air
and 96%) alcohol + 4%o HPLC grade H2O.
(a) Unwashed RBC layers
•

AFM images of the unwashed EDTA blood films made from the upper light density
area of RBCs, i.e. layer 1, showed doughnut-shaped RBCs, with the occasional cell
having an irregular centre. A covering layer on the surface was deduced using line
analysis {Figure 3.5(a)). The background surface around the RBCs was a little uneven
and had an occasional irregular feature < 0.1 pm in height and < 10 pm in diameter.
Line analysis showed the average RBC width to be ~ 9.5 pm, the average height of
depression ~ 1.05 pm, and the average RBC height ~ 1.68 pm. Under the optical
microscope RBCs appeared round with either smooth or granular surfaces. There was
also some debris present.

•

The denser mid-area of RBCs, i.e. layer 2, gave images of both doughnut-shaped and
some irregularly shaped RBCs with the doughnut-shape not as pronounced. There also
appeared to be a coating on the RBCs and background {Figure 3.5(b)). This was
deduced using line analysis, where the line profile was not entirely smooth for the
background surface. RBC shape appeared distorted under the optical microscope. AFM
images of RBCs from a second blood film appeared domed in shape, with occasional
irregular features < 0.1 pm in height on the background surface. Line analysis showed
the average RBC width to be ~ 8.1 pm, and the average RBC height to be ~ 1.74 pm
with no central depression present {Figure 3.5(c)).
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•

The lower light density area of RBCs i.e. layer 3, gave AFM images of dome-shaped
RBCs, with no doughnut-shaped RBCs present. There also appeared to be a coating on
the surface which was again deduced using line analysis {Figure 3.5(d)). The line
profiles showed the background surface to be slightly irregular with the presence of
occasional features < 100 pm in height and < 10 pm in diameter. Line analysis showed
the average RBC width to be ~ 7.4 pm and the average RBC height to be ~ 2.45 pm.
Under the optical microscope, RBCs appeared round, granular and with the occasional
abnormal shaped RBC.
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Figure 3.5
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(a) Shaded image of unwashed RBCs in fdm made using upper layer of Nycodenz-NaCl
gradient, (b) shaded image of unwashed RBCs in fdm 1, made using mid-layer of
Nycodenz-NaCl gradient, (c) three-dimensional image of unwashed RBCs in fdm 2, made
using mid-layer of Nycodenz-NaCl gradient, (d) three-dimensional image of unwashed
RBCs in fdm 1, made using lower-layer of Nycodenz-NaCl gradient.

Using unwashed EDTA RBC layers, the upper area, i.e. layer 1, gave images of mainly
doughnut-shaped RBCs. The mid-area of RBCs, i.e. layer 2, gave images of a mixture of
doughnut and irregularly shaped RBCs. The lower area of RBCs, i.e. layer 3, gave images
of dome-shaped RBCs only.
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(b) Washed RBC layers
RBC layers which were washed with saline three times resulted in some RBC shape
distortion.
•

The upper layer under the optical microscope showed debris and saline crystals, with
RBCs being a mixture of normal and distorted morphologies. Under the AFM, some
RBCs were doughnut-shaped and there appeared to be a surface coating. Central
depression of some RBCs was not as pronounced, possibly due to a surface coating,
while other RBCs appeared completely covered {Figure 3.6(a)). Line analysis showed
the average RBC width to be ~ 8.3 pm and average RBC height to be ~ 1.17 pm.

•

The mid-layer under the optical microscope showed both normal and irregular shaped
RBCs. Under the AFM, RBCs appeared to be covered with a layer, with both normal
and irregular shaped RBCs present {Figure 3.6(h)). Line analysis showed the average
RBC width to be ~ 7.7 pm and average RBC height to be ~ 1.01 pm.

•

For the lower layer both normal and distorted shaped RBCs were seen under the optical
microscope.
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Figure 3.6
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Shaded images of (a) washed RBCs in fdm, made using upper-layer of Nycodenz-NaCl
gradient and (b) washed RBCs in fdm, made using mid-layer of Nycodenz-NaCl gradient.

It was evident that washing of the RBC layers caused RBC shape distortion. All three RBC
layers which were washed three times with saline had abnormal morphology of the RBCs.
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(c) Original EDTA sample
•

Under the optical microscope, blood films made using the original EDTA blood sample
and fixed in air showed RBCs to have mainly normal morphology but with the
occasional abnormal shape, whereas RBCs in the film fixed in air and 96% alcohol +
4% HPLC H2O had a normal morphology.

•

AFM images of RBCs for the film which was air-fixed only appeared doughnut-shaped
while images of RBCs for the film which was air and alcohol fixed were conical shaped
and were a mixture of doughnut and dome-shaped RBCs.

Optically, RBCs in the EDTA blood films had a normal morphology for films which were
fixed in air and fixed in air + 96% alcohol. Air-fixed films gave AFM images of doughnut
shaped RBCs, while those which were air and alcohol fixed were a mixture of conical
doughnuts and dome-shaped RBCs. Repeat trials gave similar results.

108

Discussion of trial 3.2.2
When isolating RBCs using Nycoprep'^'^ and PBS solutions to form a gradient, a
centrifugation speed of 1,900 rpm was found necessary to separate the RBCs into three
separate divisions. However, RBCs appeared as a mixture of both normal and abnormal
morphologies under the optical microscope and thus were unsuitable for imaging with the
AFM.

AFM images of EDTA RBCs isolated using Nycodenz-NaCl gradients showed them to be
doughnut-shaped in the unwashed upper layer with some distortion of RBC shape in the
other layers. All of the washed layers showed distortion of RBC shape. RBCs from the
plain blood sample were unsuitable to use, as they were difficult to pipette from the layers
and also had haemolysis and debris present.

It was concluded that isolating RBCs using Nycoprep™ for imaging with the AFM was not
satisfactory as the technique caused RBC morphology to become distorted.

However, the original EDTA film which was fixed in air and alcohol showed a mixture of
conical doughnuts and dome-shaped RBCs, while those films which were air-fixed only
gave AFM images of doughnut-shaped RBCs.
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3.2.3 Examination of the routine haematological blood film

As Nycoprep'^'^ conferred no advantage for isolating and immobilising RBCs, it was
decided to investigate the routine haematological blood film as an immobilisation
technique for RBCs for subsequent imaging by AFM. A number of issues relating to the
routine haematological blood film technique were studied:
(i) Blood sample

•

The types of blood samples examined included fresh RBCs taken from a fmgerprick,
EDTA samples and plain blood samples.

•

The optimum concentration of the blood sample to use was examined using the
following concentrations: Neat, 20% cone, of RBC pellet and RBC pellet.

•

To determine if a washing procedure should be used on the blood sample to eliminate
the presence of plasma proteins, samples were washed once, twice and three times with
LISS.

•

Both washed and unwashed EDTA blood samples were diluted one in two with LISS to
examine the effects of dilution on AFM images of the RBC.

•

The effects of varying the EDTA ratio to blood on the RBC were examined.

(ii) Preparation of blood film

•

The optimum volume of blood droplet to use for making of the blood film was
examined.

•

Fixation of the blood film using two techniques was studied: (i) air-fixation only and
(ii) air and alcohol fixation.

•

The effects of a time delay in making the blood film; the age of the blood film and the
age of the blood sample were examined for any effects on RBC morphology.

•

Blood films made using a cytocentrifuge as an immobilisation technique were
examined.
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(iii) Studies on the prepared blood film

•

Background height of the blood film was examined using latex partieles as an internal
control.

•

Reproducibility studies on RBC morphology were performed to examine for variability.

•

Abnormal blood films were imaged to determine whether differenees between the
abnormalities could be obtained using the AFM.

•

The issue of dome-shaped RBCs was investigated in an attempt to establish why AFM
images of RBCs obtained were a mixture of doughnut and dome-shaped RBCs.
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3.2.3.1 Determination of the type of blood sample to use for making a blood film
Obtaining a representative sample of eireulating blood is the objective in blood sample
collection. There should be a minimum of artifacts, whether induced by the collection
procedure, containers, anticoagulants or by subsequent storage and handling, whilst
showing proper concern for the well-being of the patient and the safety of the staff
involved. Blood films are generally made in the haematology laboratory using an EDTA
blood sample. EDTA preserves the morphology of the RBC and the WBC thus making it
suitable for routine ‘cellular haematology’.

Blood films should be made soon after the

taking of the sample as there will be changes in the sample over time (See Section 1.6.2).
Fresh blood fdms were made using blood taken by finger-prick using a Unistik 2. EDTA
and plain blood films were also made. One set offilms was air-fixed rapidly only for the
fresh and EDTA blood films, while a set offilms for all three sample types was air-fixed
rapidly and fixed in 96% alcohol + 4%) HPLC grade H2O for 5 min. Films were examined
under the optical microscope and imaged with the AFM. Results are shown in Table 3.1,
Figures 3.7, 3.8, 3.9

Table 3.1
Fixation
technique
Air-fixed only

Air + 96%
ethanol

Comment

Fresh RBC film

AFM image of normal RBCs
EDTA film

Plain film

Figure 3.7(a) ‘Square’
Figure 3.8(a)
Occasional doughnut shape.
‘Square’ doughnuts
Average height ~ 0.8 pm
Average height ~ 1.22 pm
Average width ~ 9.5 pm
Average width ~ 9.0 pm
Figure 3.7(b),(c),(d)
Figure 3.8(b)
Figure 3.9
Conical doughnuts and dome Conical doughnuts and
Conical doughnuts and
shaped RBCs.
dome-shaped RBCs.
dome-shaped RBCs.
Average height ~ 1.2 pm
Average height ~ 1.3 pm
Average height ~ 1.1 pm
Average width ~ 7.8 pm
Average width ~ 7.8 pm
Average width ~ 7.8 pm
^Square' doughnut-shaped RBCs were obtained for an air-fixed EDTA film. There
was only an occasional doughnut-shaped RBC in the fresh RBC image. Conical
doughnuts and dome-shaped RBCs were obtained for images of the fresh, EDTA and
plain blood films which were air and alcohol fixed.

Results of AFM images of normal RBCs of a fresh RBC film and an EDTA film both airfixed only and air + alcohol-fixed and a plain blood film which was air + alcohol-fixed.
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Figure 3.7
(b)

(a)

1911.54 nm

1911.54 nm

0.06 |jim

0.23 nm

60.06 ^Jlnn

60.23 nm

0.12 nm

(d)

WBC

1911.54 nm

30.03 nm
60.06 nm
30.03 nm

0 nm 0 tim

0 nm

(e)

30.03 nm

60.06 nm

‘Square’ shaped
doughnut

(f)

Cone-shaped or
conical doughnut

1706,7 nm

1706.7 nm

0 nm

50 nm

50 nm

50 nm

0 nm 0

‘Dome’ shaped
RBC

0 nm 0 nm

(a) Three-dimensional image of fresh RBCs which were air-fixed rapidly, (b) threedimensional image offresh RBCs which were air and alcohol fixed, (c) two-dimensional
and (d) three-dimensional image offresh RBCs which were air and alcohol fixed. A white
blood cell is also present in image (c) and (d).(e) ‘Square’ shaped doughnut, (f) coneshaped or conical doughnut and ‘domed’ i.e. conical non-doughnut shaped RBC.
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(b)

1596,12 nm

1595.21 nm

50

50 nm

50 nm

Dome-shaped RBC

0 urn ^

0 nm 0 urn

Three-dimensional images of (a) doughnut-shaped RBCs of an EDTA film air-fixed rapidly,
(b) doughnut and dome-shaped RBCs of an EDTA film air and alcohol fixed.

Figure 3.9
150 nm

75 nm

0 nm
0 nm

75 nm

150 nm

Shaded top view AFM image of doughnut-shaped RBCs of an air and alcohol fixed plain
blood film. An occasional RBC had no central depression.

AFM images of ‘square’ doughnut-shaped RBCs were obtained for an air-fixed EDTA
film, while there was only an oeeasional doughnut-shaped RBC in the air-fixed fresh RBC
film. Conical doughnuts and dome-shaped RBCs were obtained for AFM images of the
fresh, EDTA and plain blood films which were air and alcohol fixed.
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3.2.3.2 Concentration of blood sample to use for making of the blood film
Blood films are generally made using a neat concentration of blood sample. An ideal film
should occupy about half the length of the slide and have margins within the width of the
slide (See Section 1.6.2.4 Routine haematological blood film). The thickness of the film
should decrease from ‘head’ to ‘tail’ with the avoidance of excessively thin films which
distort RBC morphology and cause accumulation of WBCs at the margins and tail. Thick
films will cause overlapping of the RBCs and insufficient area where the RBCs are well
spread. Thus, this study involved the determination of the optimal concentration of blood
sample to use for a blood film for subsequent scanning with the AFM. Concentrations
studied included a neat cone., a 20% cone, of RBC pellet and a RBC pellet. Fresh RBC
films, EDTA blood films and plain blood films were examined (See also Section 3.2.4.1
Volume size of blood droplet to use for making a blood film).

Fresh RBC films were made using blood taken from finger-prick i.e. neat.
EDTA films were made using neat EDTA sample and using a RBC pellet from an EDTA
sample centrifuged at 1,000 rpm for 5 min. A second blood film was made using a 20%
concentration of RBC pellet, diluted with LIES, with sample having been washed once with
LIES.
A plain blood film was made using a sample collected into a plain tube before clotting had
occurred i.e. neat. The sample was centrifuged at 1,000 rpm for 5 min and a blood film
was made using the undiluted RBC pellet. A second film was made using a 20%o cone, of
RBC pellet diluted with LIEE.
All films were air-fixed rapidly and fixed in 96%o alcohol + 4%o HPLC grade H2O for 5
min. Results are shown in Table 3.2, Figures 3.10, 3.11

115

Table 3.2
Concentration
of blood sample
Neat
(See Table 3.1
also)

RBC pellet
20% cone.
RBC pellet
washed with
LISS
Comment

Fresh RBC film

AFM image of normal RBCs
EDTA fdm

Plain film

Figure 3.10(a)

Figure 3.10(b)

Figure 3.1! (a)

Conical doughnuts.
Occasional dome-shape.
Average height ~ 1.2 pm
Average width ~ 9.1 pm

Conical doughnuts.
Occasional dome-shape.
Average height ~ 1.1 pm
Average width ~ 9.0 pm

Conical doughnuts.
Varying degrees of central
depression.

Figure 3.10(c)

Figure 3.11 (b)

RBCs too concentrated.

Clumped RBCs.

Figure 3.10(d)

Figure 3.11(c)

Conical doughnuts and
dome-shaped RBCs.
RBCs had a sharp, clean
appearance. Some debris.

Conical doughnuts.
Possible covering layer.

AFM images of conical doughnut-shaped RBCs were obtained for the fresh, EDTA
and plain blood films when a neat concentration of the blood sample was used to
make the films. Hence, either of the three blood sample types can be used. However,
the EDTA sample is the most practical.
The RBC pellet was found to give a too concentrated blood film, while those films
made using a 20% cone, of RBC pellet had a possible covering layer.

Results of AFM images of air and alcohol fixed normal RBCs of a fresh RBC film, an
EDTA film and a plain blood film.
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Figure 3.10

0 tim
0 nm

75 nm

150 nm

75 tJim

150 (Jim

75 nm

150 pim

(C)

0 ^Jlm

Top-view images of (a) a fresh RBC film air and alcohol fixed, (b) an EDTA film air and
alcohol fixed, (c) an air and alcohol fixed EDTA film made using a RBC pellet. The film is
too concentrated to see individual RBCs. (d) RBCs from an air and alcohol fixed EDTA
film made using a 20% cone, of RBC pellet, diluted with LISS.
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Figure 3.11
(b)

(a)

(c)

150 urn

50 nm

75 |jim

25 nm

0 urn

0 nm j

0 |jim
0 urn

75 nm

150 nm

0 tJim

75 4m

150 urn

0 pim

25 urn

50 urn

Top-view images of (a) RBCs of an air and alcohol fixed plain blood film, (b) concentrated
RBCs of an air and alcohol fixed film made using RBC pellet of a centrifuged plain blood
sample, (c) RBCs of an air and alcohol fixed film made using a 20% cone, of RBC pellet of
a centrifuged plain blood sample.

AFM images of conical doughnut-shaped RBCs were obtained for all three sample types
when neat films were made and fixed in air and 96% alcohol + 4% HPLC grade H2O.
There were some dome-shaped RBCs present (Figures 3.10(a),(b); 3.11(a)).
AFM images of RBCs in films made using a RBC pellet were too concentrated (Figures

3.10(c), 3.11(b)), whereas those made using a 20% cone, of RBC pellet had a possible
covering layer which may have arisen from the diluent LISS (Figures 3.10(d), 3.11(c)).
Hence, AFM images of conical doughnut-shaped RBCs were obtained when a neat
concentration of fresh, EDTA or plain blood samples were used to make air and alcohol
fixed blood films. An EDTA sample is the most practical sample to use as it can be
obtained in large numbers from the hospital. The plain sample will clot within minutes of
taking the blood sample, while fresh samples are difficult to obtain in large numbers.
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3.2.3.3 Examining low ionic strength saline [LISS] as a washing procedure
The blood film technique does not ordinarily require a washing procedure for observation
of the blood cells under the optical microscope. However, as the AFM images topography
of the sample and is “sensitive” to debris, etc. it was felt that washing the cells might be
beneficial. The washing procedure was similar to that used in blood banking to remove the
plasma or serum from the cells.

EDTA and plain blood samples were washed once with LISS by centrifuging at 1,000 rpm
for 5 min. Blood fdms were made using the RBC pellet (neat). A second blood fdm for each
was made using a 20% cone, of RBC pellet diluted with LISS.
Samples were washed a second time with LISS by centrifuging at 1,000 rpm for 5 min and
blood fdms were made using the RBC pellet (neat). A second blood fdm was made for each
using a 20%) cone, of RBC pellet diluted with LISS.
Samples were washed a third time with LISS by centrifuging at 1,000 rpm for 5 min and
blood fdms were made using the RBC pellet (neat). A second blood fdm was made for each
using a 20%o cone, of RBC pellet diluted with LISS.
All fdms were air-fixed rapidly and fixed in 96% alcohol + 4%o HPLC srade H?0 for 5
min. Films were imaged in air with the AFM. Results are shown in Table 3.3, Figures 3.12,
3.13
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Table 3.3
No. of LISS washes
RBC pellet washed
with LISS X 1

Comment
RBC pellet washed
with LISS X 2
RBC pellet washed
with LISS X 3
20®/o cone, of RBC
pellet washed with
LISS X 1

20®/o cone, of RBC
pellet washed with
LISS X 2

20®/o cone, of RBC
pellet washed with
LISS X 3

Comment

AFM image of normal RBCs
Plain film
EDTA film
Figure 3.13(a)
Figure 3.12(a)
RBCs were flat, with a possible slight
Doughnut shaped RBCs.
central depression. Covering layer on
RBCs concentrated.
surface. Background rough.
AFM image (Fig.3.12(a)) of EDTA film gave doughnut-shaped RBCs and a
cleaner background compared to the image of the plain film (Figure 3.13(a)).
RBCs too concentrated.
Figure 3.13(c)
RBCs too concentrated. RBCs had a
distorted morphology.
RBCs too concentrated.
RBCs too concentrated. RBCs had a
distorted morphology.
Figure 3.12(b)
Figure 3.13(b)
RBCs doughnut shaped.
RBCs doughnut shaped. Surface was
rough.
Average height ~ 1.23 pm
Average height ~ 1.5 pm
Average width ~ 7.4 pm
Average height of depression ~ 1.09pm Average width ~ 10.0 pm
Figure 3.12(c)
Figure 3.13(d) RBCs doughnut
RBCs doughnut shaped with an irregular shaped with varying degrees of
periphery and rough surface.
central depression. RBCs had an
irregular periphery and a rough
surface.
Figure 3. J 2(d) REiCs doughnut-shaped
with some having only a slight central
depression. Film had a covering layer
which may be due to LISS or the alcohol
fixative. RBCs had an irregular
periphery.
AFM images of RBCs offilms made using washed samples, showed RBC
morphology becoming more distorted with increased washing steps.

Results of AFM images of RBCs of air and alcohol fixed EDTA and plain blood films,
made using a RBC pellet and a 20% cone, of RBC pellet washed with LISS once, twice and
three times.
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Figure 3.12
(a)

(b)
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0 pim

75 urn
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(d)

(C)

150 urn

49 pim

75 [Jim

24.5 pirn

0 pirn

0 pim
0 nm

75 pim

150 pim

0 nm

24 5 pim

49 pim

Top-view images of (a) concentrated RBCs of a blood fdm, where a RBC pellet of an EDTA
sample washed once with LISS was used to make the fdm, (b) RBCs of a blood fdm, where
a 20% cone, of a RBC pellet from an EDTA sample washed once with LISS was used to
make the fdm, (c) RBCs of a blood fdm, where a 20%o cone, of a RBC pellet of an EDTA
sample washed twice with LISS was used to make the fdm, (d) RBCs of a blood fdm, where
a 20%o cone, of a RBC pellet from an EDTA sample washed three times with LISS was used
to make the fdm. All blood films were air-fixed rapidly and fixed in 96%o alcohol.
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Figure 3.13
(b)

(a)

1940.79 nm

1940.79 nm

50 nm

50 [im

50 nm

50 [im

(C)

(d)

79 Jim

79 nm

39.5 um

39.5 nm

0 nm

0 pim
0 nm

39.5 nm

79 nm

0 nm

39.5 nm

79 nm

(a) A three-dimensional AFM image of RBCs of a plain blood fdm, made using RBC pellet
of a sample washed once with LISS and fixed in air and alcohol, (b) a three-dimensional
image of RBCs of a plain blood film made using a 20% cone, of RBC pellet of a sample
washed once with LISS and fixed in air and alcohol, (c) a top-view image of concentrated
RBCs of a plain blood film made using RBC pellet of a sample washed twice with LISS and
fixed in air and alcohol, (d) a top-view image of RBCs of a plain blood film made using a
20% cone, of RBC pellet of a sample washed twice with LISS and fixed in air and alcohol.

AFM images of RBCs from films made using samples washed with LISS became more
distorted in shape with increased washing (Figures 3.12, 3.13). As blood films made using
plain blood samples need to be made immediately after the taking of the sample due to the
clotting process, both EDTA and fresh RBC samples are more suitable for the blood film
technique. However, EDTA samples are easier to obtain.
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3.2.3.4 Examining washed and unwashed EDTA blood samples diluted with LISS
The blood film technique does not ordinarily require dilution of the sample. However,
because of the number of overlapped RBCs observed in Section 3.2.3.3, it was decided to
examine the effects of diluting both a washed and unwashed EDTA blood sample. A larger
number of non-overlapping RBCs would be expected for both the diluted unwashed and
the diluted washed EDTA blood films, with the RBCs being possibly ‘cleaner’ in the
washed film.

Both 'washed’ and ‘unwashed’ EDTA blood fdms were prepared using three patient
samples. ‘Unwashed’ blood fdms were made using EDTA samples diluted one in two with
LISS, while ‘washed’ blood fdms were prepared by washing an aliquot once with LISS,
centrifuging at 800 rpm for 10 min and discarding supernatant fuid. The sample was
diluted one in two with LISS. Blood fdms were made on glass-slides, air-fixed rapidly and
fixed in 96% alcohol + 4% HPLC grade II2O for 5 min. Films were examined under the
optical microscope and imaged in air with the AFM. See Figure 3.14

•

Under the optical microscope, the film made using the ‘unwashed’ EDTA sample
appeared to have normal RBC morphology, whereas the film made using the ‘washed'
EDTA sample had some distorted RBC morphology.

•

In the AFM images of the ‘unwashed’ EDTA films, RBCs appeared round and flat with
a covering layer over the surface {Figure 3.14(a)). AFM images of the RBCs of the
‘washed’ EDTA film were round and non-doughnut shaped, although some did have a
slight central depression. Sediment and crystals were also present in some of the images
{Figure 3.14(b)).

123

Figure 3.14
(b)

4427.63 nm
150 nm

150 urn

0 urn 0

(a) Shaded top-view image of RBCs from a fdm made using an ‘unwashed’ EDTA blood
sample diluted one in two with LISS and air and alcohol fixed, (b) three-dimensional image
of RBCs from a film made using a ‘washed’ EDTA blood sample diluted one in two with
LISS, and air and alcohol fixed.

Under the optical microscope, RBCs of the ‘unwashed’ EDTA film made using EDTA
sample diluted one in two with LISS appeared to have a normal morphology, while RBCs
of the ‘washed’ EDTA film made using EDTA sample diluted one in two with LISS had
distorted RBC morphology.
AFM images of RBCs of EDTA blood films made using both ‘washed’ and ‘unwashed’
EDTA blood samples, diluted one in two with LISS were non-doughnut shaped and
appeared to have a covering layer.
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3.2.3.5 Effect of EDTA ratio to blood sample on the blood film
The anticoagulant of choice for cell counting is one of the salts of EDTA. In optimal
concentration EDTA does not affect cell numbers or size and it inhibits platelet clumping.
There is excellent stability of all parameters, i.e. WBC, RBC, Hb, Hct, MCV, MCH,
MCHC, in the refrigerator but swellins (~ 3%) of the RBCs occurs on storase for 24 h at
room temperature which is a significant increase (Brittin et al, 1969; Lawrence et ai,
1975). Blood stored at 4°C with intermittent mixing showed no statistically significant
change of parameters for 3 days (Cohle et ai, 1981).
EDTA also acts as a chelating agent and reacts with ionised calcium. As EDTA is not
readily soluble it is used with sodium, lithium or potassium, with di-potassium EDTA
being the most common due to its slightly greater solubility although the tri-potassium
form is a better chelating agent. Problems arise occasionally due to EDTA-dependent
agglutination of RBCs, platelets and neutrophils which, although detectable by visual
counting, can produce spurious low counts when using cell counting instruments.
In relation to EDTA concentration, 0.44 mg is needed to chelate the calcium in 1 ml of
normal whole blood. However, allowance must be made for the larger amount of calcium
in the increased plasma volume of anaemic blood samples. The National Committee for
Clinical Laboratory Standards [NCCLS] recommends a concentration of 1.5 - 2.2 mg/ml
(NCCLS, 1988). The appropriate volume of blood must be added to the sample container,
for example, a concentration of 4 mg/ml will cause cell changes in 30 minutes, which may
otherwise take 24 hours in the presence of optimal concentrations of EDTA (See Section
1.6.2.2 Changes in blood during storage). Tri-potassium EDTA is the least suitable as it
causes the largest RBC shrinkage with increasing EDTA concentration, the largest change
in RBC volume on standing and results in lower MCV values (Koepke et ai, 1989).
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Samples received in the haematology laboratory can have blood filled to the line-mark on
the tube but they can also be filled well below the line-mark.
Thus, it was decided to examine the effects of the EDTA ratio to blood on the RBC
morphology. This trial was performed in combination with the trial on air and alcohol
fixation studies on a blood film (See Section 3.2.4.2).

126

Discussion of trial 3.2.3
The EDTA blood sample was chosen as the sample of choice as it could be easily obtained
from the hospital. A plain blood sample has the disadvantage that the sample will clot,
while fresh blood samples are not easy to obtain in large numbers.
EDTA blood films which were air-fixed only gave AFM images of doughnut-shaped
RBCs, while AFM images of RBCs in films which were air and alcohol fixed were both
conical doughnuts and dome-shaped.
Films made using neat concentrations of blood samples, which were air and alcohol fixed
were found to give satisfactory AFM images of doughnut-shaped RBCs. Dome-shaped
RBCs were also present (Figures 3.10(a), (h); 3.11(a)). AFM images of RBCs in films
made using RBC pellet were too concentrated (Figures 3.10(c), 3.11(h)). Films made using
a 20% cone, of RBC pellet gave AFM images of RBCs which had a possible covering layer
which may have arisen from the diluent LISS (Figures 3.10(d), 3.11(c)).
AFM images of films made using EDTA and plain blood samples washed with LISS gave
images of RBCs which appeared to have a surface covering layer. RBCs became more
distorted in shape with increased washing of samples {Figures 3.12, 3.13). ‘Unwashed’
EDTA blood samples would be the sample of choice for this project. Dilution of the blood
samples with LISS also seemed to cause a covering layer on the surface of the film (Figure
3.14).
Thus, using an ‘unwashed’ neat EDTA sample to make a blood film and fixing the film in
air and 96% alcohol was found to give AFM images of RBCs which were both conical
doughnuts and dome-shaped.
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3.2.4 Preparation of blood film
3.2.4.1 Volume size of blood droplet to use for making a blood film

For a typical blood film, a small drop of blood obtained either directly from a skin
puncture, from the tip of the venepuncture needle or by transfer from an anticoagulated
sample is placed on the glass-slide. The blood film is then made. The thickness of the
blood film should decrease from ‘head’ to ‘tail’ and is determined by the volume of the
blood, the angle of the spreader and the speed of spreading.

In this trial, different volumes of blood were taken to determine the optimum volume size
for the blood droplet. Four EDTA blood films were made on

2lass-slides

for each of the

volumes 2 jul, 3 pi 4 ul and 6 ul, with two films for each air-fixed only and two films for
each air and alcohol fixed (Rathburn brand). Films were examined under the optical
microscope and then imaged in air with the AFM (Figure 3.15(a), (b), (c), (d)).

•

AFM images of RBCs which were air-fixed only appeared to be ‘square’ in edge
profile {Figure 3.15(a), (b), (c)) as opposed to the more conical shape of the air and
alcohol fixed images {Figure 3.15(d)).

•

In the air-fixed AFM images, the RBCs were square in edge profile with the occasional
doughnut shape for the 2 pi volume {Figure 3.15(a)), whereas in the 4 pi {Figure
3.15(b)) and 6 pi volume images {Figure 3.15(c)), RBCs were ‘square’ shaped

doughnuts.
•

RBCs in the 6 pi volume AFM image were more concentrated but many had a slightly
jagged edge.

•

In the air and aleohol fixed AFM images, the RBCs were a mixture of both conical
doughnuts and dome-shaped RBCs {Figure 3.15(d)).
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Figure 3.15
(a)

(b)
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Dome-shaped RBCs
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Three-dimensional images of (a) RBCs of a fdm made using 2 ful of an EDTA sample and
air-fixed only, (b) RBCs of a film made using 4 pi of an EDTA sample and air-fixed only,
(c) RBCs of a film made using 6 pi of an EDTA sample and air-fixed only, (d) RBCs of a
film made using 4 pi of an EDTA sample and air and alcohol fixed.

It was concluded that an air-fixed EDTA blood film made using a 4 ul volume of sample
gave AFM images of doughnut-shaped RBCs reasonably spaced apart {Figure 3.15(b)).
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3.2.4.2 Air and alcohol fixation studies on a blood film
The purpose of fixing a blood film is to preserve cell structure and to prevent disruption by
subsequent procedures. Protein precipitation halts cell metabolism and prevents lysosomal
enzymes from inducing autocatalytic changes. Once the blood film is made, the film is
initially air-fixed and then fixed in the fixative of choice. Fixatives commonly used include
methanol, ethanol-formaldehyde and acetone. Ethanol was the fixative of choice for these
trials as it is the fixative routinely used for fixing blood films in the haematology
laboratory.
(1) Air-fixation
The film can be air-fixed by allowing it to stand on the bench as was the practice at Cork
University hospital or by waving the film rapidly in air or by placing in a stream of cool air
(Hall and Mali, 1991). In this trial, the films were air-fixed both by allowing the films to
rest on the bench and by waving the films vigorously in air. The effects of the EDTA ratio
to blood sample on a blood film air-fixed rapidly was also examined.
Microcytic and macrocytic EDTA blood samples were taken and FBCs performed within
the hour. Blood films were made and fixed in air using both techniques i.e. by allowing the
film to rest on the bench and by air-fixing the film rapidly by waving it vigorously in air.
Normal EDTA and plain blood films were also made and air-fixed rapidly. Blood films
were examined under the optical microscope and areas marked for imaging with the AFM.
The results of the trial are shown in Table 3.4(a), Figures 3.16, 3.17
EDTA blood films were made using a 4 pi blood sample from both blood samples filled to
the full line-mark and to the half line-mark in the EDTA tube. Films were made soon after
the samples were taken and air-fiixed rapidly. Films were examined under the optical
microscope and areas marked for imaging with the AFM. The results of the trial are shown
in Table 3.4(b), Figure 3.18
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Table 3.4(a)

Microcytic EDTA film
MCV 65.5 fi
Figure 3.16(a)

AFM image of RBCs
Normal
Macrocytic EDTA film
EDTA film
MCV 106 fi
Figure 3.16(b)

Average width 7.6 - 9.1pm

Doughnut shaped
Average height 1.0 - 1.2pm
Average width 10.2 - 0.6pm

Air-fixed
by resting Doughnut shaped
on bench Average height 0.6 - 0.9pm

Comment Doughnut-shaped RBCs with macrocytic RBCs larger
than microcytic RBCs
Figure 3. / 7(b) Occasional
Air-fixed Figure 3. / 7(aJ
rapidly
Doughnut shaped
Doughnut-shaped
RBC.
Average height 0.5 - 0.8pm
Average width 7.3 - 9.5pm

RBCs swollen.
Average height 0.8 - 1.1 pm
Average width 9.3 - 11.7pm

Normal
Plain film

Figure 3. / 7(c)

Figure 3.17(d)

‘Square’ RBCs
Slight central
depression.

‘Square’ RBCs
Slight central
depression.
Covering layer

Comment Macrocytic RBCs were larger than microcytic RBCs.
Macrocytic RBCs appeared swollen. The age of the samples was queried.
Blood film should be made immediately after the taking of the sample.
Films will be air-fixed rapidly in future trials to eliminate artifact.

Results obtained of AFM images of microcytic, macrocytic and normal blood fdms airfixed both by resting on the bench and by air-fixing rapidly.

Table 3.4(b)

Air-fixed rapidly

AFM image of RBCs in an EDTA film made using:
Sample to half line-mark
Sample to full line-mark
Figure 3.18(b)
Figure 3.18(a)
‘Square’ doughnuts.

Comment

Doughnut shaped. Occasional dome
shaped /swollen RBC.

AFM images of doughnut-shaped RBCs were obtained
when samples used had blood filled to the full line-mark
only, whereas dome-shaped and swollen RBCs were
obtained for films made using sample filled to the half
line-mark.
For future trials blood will be filled to the full line-mark.

Results obtained of AFM images of RBCs of EDTA blood films air-fixed rapidly and made
using both samples filled to the full line-mark and to the half line-mark in the blood tube.
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Figure 3.16
(b)

(a)

>•

1406.69 nm

1406.69 nm

60 nm

60 nm

60 nm

60 nm

0 nm 0

0 nm 0

Three-dimensional images of (a) RBCs of a microcytic EDTA blood fdm which was airfixed only by allowing it to rest on the bench, (b) RBCs of a macrocytic EDTA blood film
which was air-fixed only by allowing it to rest on the bench.

Figure 3.17
(b)

(a)
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(d)

(c)
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^1045.05 nm

^1045.05 nm

60 nm

25 nm

25 nm

Three-dimensional images (60 /am) of (a) RBCs of an EDTA microcytic blood film air-fixed
rapidly, (b) RBCs of an EDTA macrocytic blood film air-fixed rapidly, (c) RBCs of a
normal EDTA blood film air-fixed rapidly, (d) A three-dimensional image (25 pm) of RBCs
of a plain blood film air-fixed rapidly.
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Figure 3,18
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Three-dimensional images of (a) RBCs of an EDTA fdm air-fixed only and made using a
blood sample filled to the full line-mark, (b) RBCs of an EDTA film air-fixed only and
made using a blood sample filled to the half line-mark. Both films were made immediately
after the taking of the samples and air-fixed rapidly.

(2) Air and alcohol fixation
As already mentioned, the practice in the haematology laboratory at the Cork University
hospital was to air-fix the blood films by resting on the bench for convenience. The blood
films were then fixed in absolute alcohol for 5 minutes, ethanol being chosen instead of
methanol for reasons of safety. The brand of alcohol used did not concern the hospital
laboratory. In this trial, it was decided to examine the effect on the blood film of:
•

alcohol concentration

•

alcohol fixation time

•

alcohol brand: Sigma, Rathbum

(i) Alcohol concentration
Blood films were made on glass-slides using fresh RBCs (finger-prick), EDTA blood
samples and ‘washed’ plain blood samples. The plain blood samples were washed to
remove plasma proteins by initially centrifuging at 1,000 rpm for 5 min and discarding
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SNF. RBCs were washed three times with saline and then made up to the full line-mark
with saline. Films were air-fixed rapidly and fixed with varying concentrations of HPLC
grade ethyl alcohol for 5 min to determine the optimum concentration of alcohol to use for
successful imaging of the films with the AFM. HPLC grade H2O, distilled H2O and saline
were used for dilution of the alcohol. Blood films were examined under the optical
microscope and then imaged with the AFM. The results of the trial are shown in Table 3.5

Table 3.5
Concentration of
AFM image of normal RBCs
alcohol used to fix
Fresh RBC film
EDTA film
Plain fllm
film after rapid
(washed RBCs)
air-Hxing
Absolute
Figure 3.19(a) Slight
Figure 3.21(a) Varying Figure 3.22(a) Many
doughnut shape. Covering
degrees of central
crenated RBCs. Some
layer of plasma proteins or
depression and domes. RBCs had a central
solvent deposits.
depression.
Figure 3.19(d), (e)
Figure 3.20(a), 3.20(b) Figure 3.22(b)
96% + 4%
HPLC grade
Doughnut and dome-shaped. Conical doughnuts.
Slight central depression.
H2O
Covering layer of plasma
Varying degrees of
Occasional crenated RBC.
central depression and Covering layer.
proteins or solvent deposits.
domes.
Figure 3.21(b) RBCs
90% + saline
had a flat surface.
Crystals present.
80% + dist. H2O Figure 3.19(h) Abnormal
morphology. Some crenated.
Some had a slight central
depression. Majority had a
flat or swollen surface .
Covering layer.
80% + saline
Figure 3.19(c) Covering
layer. Some had a slight
central depression. Irregular
periphery. ?sahne layer.
Comment
Fixation using 96% alcohol gave the most
Many crenated RBCs.
satisfactory AFM images of RBCs. They were both
Sample can clot and hence
doughnut and dome-shaped.
will not be used.

Results of AFM images of normal RBCs offresh, EDTA and plain blood films which were
air-fiixed rapidly and fixed in varying concentrations of alcohol. HPLC grade H2O,
distilled H2O and saline were used as diluents for dilution of the alcohol.
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Figure 3.19
(b)

(a)

1879.82 nm

■1879.G nm
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(d)

(C)

1879.82 nm

1879.6 nm
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21.25 |jim

10.62 ^Jlm

50 nm

50 pim

(e)

Three-dimensional images of (a) RBCs of a fresh RBC film fixed in air and absolute
alcohol, (b) RBCs of a fresh RBC film fixed in air and 80% (v/v) alcohol diluted in dist.
H2O, (c) RBCs of a fresh RBC film fixed in air and 80% (v/v) alcohol diluted in saline, (d)
RBCs of a fresh RBC film fixed in air and 96%) alcohol + 4%) HPLC grade H2O, (e) RBCs
of a fresh RBC film made using ~ djul blood, fixed in air and 96%o alcohol + 4%o HPLC
grade H2O. It also contains a white blood cell.
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Figure 3.20
(a)

(b)
Dome-shaped

WBC
3047.22 nm

3046.32 nm

50 nm

50 urn

50

50 |im

0 um 0
0 urn

Three-dimensional images of (a) RBCs of an EDTA film, fixed in air and 96% alcohol ^
4%) HPLC grade H2O, (b) RBCs of an EDTA film which was made immediately after the
taking of the sample, fixed in air and 96% alcohol -t- 4%) HPLC grade H2O

Figure 3.21
(a)

Crystals

(b)
100 um

T~

100 nm

50 nm

50 nm

0 nm
0 nm

50 nm

100 nm

0 nm

50 nm

100 nm

Top-view images of (a) RBCs of an EDTA film fixed in air and absolute alcohol, (b) RBCs
of an EDTA film fixed in air and 90% alcohol diluted using saline.
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Figure 3.22
(a)

(b)
Crenated
2647.51 nm

2646.61 nm

50 urn

50 (im

50 nm

50 nm

Three-dimensional images of (a) RBCs of a film made using a plain blood sample washed
three times with saline and fixed in air and absolute alcohol, (b) RBCs of a film made
using a plain blood sample washed three times with saline and fixed in air and 96yo
alcohol + ^% HPLC grade H2O
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(ii) Alcohol fixation time

The Haematology department at Cork University hospital air-fix and alcohol fix blood
films for 5 minutes as already mentioned.
It was decided to examine whether alcohol fixation time had an effect on the AFM image of
the RBC film. An EDTA blood sample was taken with blood filled to the full line-mark and
RBC indices obtained. Twelve blood films were made within one and a half hours using 5
pi of blood sample on polished glass-slides. All films were fixed in air with two films being
fixed in air only and two each being fixed in 96% ethanol for 2, 4, 6, 8 and 10 minutes.
Films were examined under the optical microscope and imaged with the AFM. Results are
shown in Table 3.6, Figure 3.23

Table 3.6
Alcohol fixation time
(min), after air-fixation
0
(air-fixed only)
2
4
6
8
10

Comment

AFM image of RBCs in a
normal EDTA film

Doughnut shaped + ‘square’

AFM image

Figure 3.23(a)

Conical domes + occasional
Figure 3.23(b)
doughnut
Conical domes + occasional
Figure 3.23(c)
doughnut
Conical domes + occasional
Figure 3.23(d)
doughnut
Conical domes + occasional
Figure 3.23(e)
doughnut
Conical domes + occasional
Figure 3.23(f)
doughnut
An alcohol fixation time of 4 min was the most
satisfactory as AFM images had the greatest
proportion of doughnut shaped RBCs.

Results of AFM images of RBCs in a normal EDTA film fixed using varying alcohol
fixation times after initial air-fixation.
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Figure 3.23
(b)

(a)
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(d)
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(f)
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Three-dimensional images of (a) RBCs of an EDTA film fixed in air only, (b) RBCs of an
EDTA film fixed in air and 96yo alcohol +dVo HPLC grade H2O for 2 min, (c) RBCs of an
EDTA film fixed in air and 96yo alcohol +4yo HPLC grade H2O for 4 min, (d) RBCs of an
EDTA film fixed in air and 96yo alcohol +
HPLC grade H2O for 6 min, (e) RBCs of an
EDTA film fixed in air and 96yo alcohol +
HPLC grade H2O for 8 min, (f) RBCs of an
EDTA film fixed in air and 96yo alcohol +
HPLC grade H2O for 10 min.
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(Hi) Alcohol brand quality: Sigma, Rathburn
To examine whether the alcohol brand has an effect on the alcohol fixation of the blood
film, two brands were investigated, namely Sigma and Rathburn. There were no
specification differences between Sigma and Rathburn brands of alcohol.
Fresh and EDTA blood films were made on glass-slides and air-fixed rapidly. EDTA blood
samples were obtained with blood filled both to the full line-mark and to the half line-mark
and films were made and fixed within the hour of taking the sample. For each sample one
set offdms was air-fixed only, while a second set was fixed with

ethanol HPLC-Sigma

(dYo HPLC grade H2O) for 5 min and a third set with 96% ethanol HPLC-Rathburn (4%o
HPLC grade H2O) for 5 min. Films were examined under the optical microscope and
imaged with the AFM. Results are shown in Table 3.7, Figures 3.18, 3.24, 3.25

Table 3.7
Alcohol brand quality
i.e. Sigma, Rathburn
Fresh film
Fixed in air + 96%
alcohol
Air-fixed only
Figure 3.24(a) ‘Square’,
Occasional doughnut
Average height ~ O.Sgm
Average width ~ 9|im
Air + 96% Sigma
Figure 3.24(h)
Conical doughnuts
Occasional dome
Average height ~ 1.2|im
Average width ~ 8.0 qm
Air + 96% Rathburn Figure 3.24(c)
Conical doughnuts
Occasional dome
Average height ~ 1.2gm
Average width ~ 8.0 qm

Comment

AFM image of RBCs
EDTA film
Sample to full line-mark Sample to half line-mark
Figure 3.18(a)
‘Square’ doughnuts
Average height ~ 1.05 gm
Average width -8.60 gm
Figure 3.25(b)
Conical doughnuts
Occasional dome
Average height - 1.3 gm
Average width - 7.5 gm
Figure 3.25(d)
Conical doughnuts
Occasional dome
Average height -1.16 gm
Average width - 7.4gm

Figure 3.18(b) ‘Square’
doughnuts. Occasional dome
Average height - 1.06 gm
Average width - 8.7 gm
Figure 3.25(a)
Conical doughnuts
Average height -1.16 gm
Average width - 7.60 gm
Figure 3.25(c)
‘Square’ doughnuts
Average height - 0.9 gm
Average width - 9.0 gm

Air-fixed films gave AFM images of doughnut-shaped RBCs.
Air and alcohol fixed films made using fresh samples and EDTA samples filled
to full and half line-mark gave AFM images of RBCs which were conical
shaped doughnuts, with the exception of the film made using the sample filled
to the half line-mark and fixed with the Rathburn brand of alcohol where the
RBCs were a ^square' doughnut shape.
The alcohol fixation step will be omitted in future trials.

Results of AFM images of RBCs offresh and EDTA blood films fixed using Sigma and
Rathburn brands of alcohol, after initial air-fixation.
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Figure 3.24
(b)

(a)

Dome-shaped RJ
1387.66 nm

1388.56 nm
0 |im

50 pim

50 nm

(c)

1387.66 nm

0 nm

50 nm

Three-dimensional images of (a) RBCs of a fresh RBC film air-fixed only, (b) RBCs of a
fresh RBC film fixed in air and 96yo HPLC-Sigma ethanol + 4yo HPLC grade H2O, (c)
RBCs of a fresh RBC film fixed in air and 96% - HPLC-Rathhurn ethanol + 4yo HPLC
grade H2O.
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Figure 3,25
(a)

(b)
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(d)
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Three-dimensional images of (a) RBCs of a fdm made using an EDTA sample with blood
fdled to the half line-mark and fixed in air and 96% alcohol (Sigma) + 4%) HPLC grade
H2O, (b) RBCs of a film made using an EDTA sample with blood filled to the full line-mark
and fixed in air and 96%o alcohol (Sigma) + 4%o HPLC grade H2O, (c) RBCs of a film
made using an EDTA sample with blood filled to the half line-mark and fixed in air and
96%) alcohol (Rathburn) + 4%o HPLC grade H2O, (d) RBCs of a film made using an EDTA
sample with blood filled to the full line-mark and fixed in air and 96%) alcohol (Rathburn)
4%o HPLC grade H2O.
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Discussion of trial 3.2.4.2
AFM images of RBCs of EDTA blood films were doughnut-shaped for both the macrocytic
and microcytic films when using either air-fixation techniques i.e, air-fixing by resting on
the bench or air-fixing rapidly. AFM images of macrocytic RBCs were also seen to be
larger than microcytic images of RBCs. Images of RBCs in the blood films air-fixed
rapidly were predominantly swollen or ‘filled in’ for the macrocytic RBCs while the RBC
doughnut appeared sharper in the microcytic film. The age of both the macrocytic and
microcytic hospital samples was queried.
A normal EDTA blood film which was air-fixed rapidly showed AFM images of RBCs to
be ‘square’ in appearance with a slight central depression. The age of the sample was
queried. A rapidly air-fixed plain blood film appeared to have a covering layer on the AFM
images of the RBCs.
For optinium results, it was decided that a blood film should be made immediately after the
taking of the sample. Also, blood films would be air-fixed rapidly in future trials, both to
minimise artifacts and to have a standardised air-fixation technique.

AFM images of‘square’ doughnut-shaped RBCs (Figure 3.18(a)) were obtained when airfixed EDTA blood films were made using a 4 pi volume of blood sample with blood filled
to the full line-mark in the blood tube.

The most satisfactory concentration of alcohol used for fixing blood films was found to be
96% alcohol + 4% HPLC grade H2O with doughnut-shaped RBCs being obtained for both
fresh (Figure 3.19(d)) and EDTA blood films (Figure 3.20(b)). An occasional dome-shaped
RBC was also present. Films were made immediately after the taking of the sample.
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AFM images of RBCs in a blood film made using a ‘washed’ plain blood sample and fixed
in air and 96% alcohol + 4% HPLC grade H2O had some crenated RBCs and had a
covering layer (Figure 3.22(b)).
When blood films were air-fixed only, AFM images of RBCs were ‘square’ shaped
doughnuts {Figure 3.23(a)). Blood films fixed in air and 96% alcohol + 4% HPLC grade
H2O for alcohol fixation times i.e. 2, 4, 6, 8 and 10 minutes, were mainly conical and
dome-shaped RBCs with the occasional doughnut-shaped RBC present. The greatest
proportion of doughnut-shaped RBCs was present in the AFM images of films fixed in
alcohol for 4 minutes.

Fresh RBCs in blood films which were air and alcohol fixed were a mixture of ‘conical’
shaped doughnuts and dome-shaped RBCs in the AFM images (Table 3.7). When EDTA
blood samples with blood to the full line-mark and to the half line-mark in tube were used
to make air-fixed blood films, RBCs were doughnut-shaped and had a ‘square’ appearance.
When using EDTA samples filled to the full line-mark in the tube, AFM images of RBCs
were similar when using either the Sigma or Rathbum brands of alcohol to fix the blood
films. AFM images of RBCs were dissimilar when samples used were only filled to the
half line-mark in the tube. For future trials, EDTA blood samples used will be filled to the
full line-mark in the blood tube. Also, blood films will be air-fixed only as AFM images of
doughnut-shaped RBCs are obtained.
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3.2.4.3 Effects of a time delay in the making of the blood film on RBC morphology
and RBC indices
To examine the effects of a time delay in making the blood fdm on images of the RBC,
several blood fdms were made from the same EDTA sample over a period of time and
imaged with the AFM.
Air-fixed EDTA blood films were made on polished glass-slides using 4 pi of blood sample
which was filled to the full line-mark. Films were prepared at intervals of 15 min, 2 h, 4 h
45 min and 3 days, with sample being stored in the fridge during the time intervals. Films
were examined under the optical microscope and subsequently imaged with the AFM.
Results are shown in Table 3.8, Figure 3.26
Air-fixed blood films which were made 6 weeks prior using an EDTA sample filled with
blood to the full line-mark were re-imaged, to examine if any changes in RBC morphology
had occurred. Results are shown in Table 3.8, Figure 3.27
The effects of age on two abnormal EDTA blood samples was examined by imaging
macrocytic and microcytic blood films which were made on day I and day 2. Absolute
values were obtained for the samples on both arrival in the laboratory and on the
following day, i.e. day 2. Films were air-fiixed rapidly. Results are shown in Table 3.8,
Figure 3.28
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Table 3.8
Time of making and
air-flxing blood Him
15 min

2h

4 h 45 min

1 day

2 day

3 days

Comment

Re-imaging a 6
week old film

Comment

Overall comment

Normal film
Figure 3.26(a)
‘Square’ doughnuts
Average height ~ 0.91 fim
Average width ~ 8.90 qm
Average height of
depression ~ 0.58 pm
Figure 3.26(b)
‘Square’ doughnuts
Some had an irregularly
shaped periphery
Figure 3.26(c)
‘Square’ doughnuts
Occasional crenated RBC

AFM image of EDTA RBCs
Macrocytic film
Microcytic fdm

Figure 3.28(a)
MCV 118.4fl
‘Square’ doughnuts
Figure 3.28(h)
MCV 119.8 fl
Swollen doughnuts
Occasional crenated RBC

Figure 3.28(e)
MCV 66.8 n
Doughnut-shaped
Figure 3.28(c), (d)
MCV 71.4 fl
Doughnut-shaped
Occasional crenated RBC

Figure 3.26(d)
Many crenated RBCs.
Some doughnuts.
^Square’ doughnut-shaped RBCs initially. The number of crenated RBCs in the
images increased over time. AFM images of the macrocytic RBCs of the film
made on day 2 were swollen. Blood films should be made soon after the sample
is taken to prevent changes occurring in RBC morphology.
Figure 3.27
‘Square’ doughnuts
No domed RBCs.
Heights and widths similar
to initial image
Once a blood film is airfixed RBCs do not change
with time
Air-fixed EDTA blood films made using blood sample filled to the full linemark and made immediately after taking the sample, gave images of ^square'
doughnut-shaped RBCs.

Effects of a time delay in making an air-fixed EDTA blood film on AFM RBC images.
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Figure 3.26
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Three-dimensional images of (a) RBCs of an air-fixed EDTA blood film made after a 15
minute time delay, (b) RBCs of an air-fixed EDTA blood film made after a 2 hour time
delay, (c) RBCs of an air-fixed EDTA blood film made after a 4 hour and 45 minute time
delay, (d) Top-view image of RBCs of an air-fixed EDTA blood film made after a 3 day time
delay.
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Figure 3.27
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Three-dimensional image of RBCs of an air-fixed EDTA blood film made 6 weeks prior and
re-imaged.
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Figure 3.28
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(a) Three-dimensional image of RBCs of an air-fixed macrocytic EDTA blood film made on
day 1, (b) three-dimensional image of RBCs of an air-fixed macrocytic EDTA blood film
made on day 2, (c) Top-view image of RBCs of an air-fixed microcytic EDTA blood film
made on day 2, (d) three-dimensional image of RBCs of an air-fixed microcytic EDTA
blood film made on day 2, (e) three-dimensional image of RBCs of an air-fixed microcytic
EDTA blood film made on day 1.
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Discussion of trial 3.2.4.3
AFM images of RBCs of an air-fixed EDTA blood film were doughnut-shaped and
‘square’ in appearance for films made after 15 minutes and after 2 hours of taking the
sample. However, the number of crenated RBCs in the images increased for those blood
films made over greater lengths of time. Films were made using EDTA samples with blood
to the full line-mark and using a 4 pi volume of blood on polished glass-slides and fixed in
air only. Once a blood film is air-fixed, AFM images indicate that RBCs do not appear to
change with time.

The necessity for blood films to be made soon after the sample is taken, to prevent artifacts
occurring in RBC morphology as a result of ageing, was seen when AFM images of
normal, microcytic and macrocytic blood films were obtained. When blood films were
made soon after taking of the sample AFM images of RBCs were doughnut-shaped. When
blood films were made on the following day using the original macrocytic sample, RBCs
were swollen while the microcytic RBCs remained doughnut-shaped with the occasional
crenated RBC. AFM images of RBCs of a normal film made and fixed 3 days after the
taking of the blood sample showed many crenated RBCs.
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3.2.4.4 Examining cytocentrifuged prepared blood films as an immobilisation
technique for AFM imaging of RBCs with the AFM

As the quality of a blood film made manually depends on many variables, it was decided to
investigate an automated procedure.

A cytocentrifuge was available at Cork University hospital and was examined for the
making of cytocentrifuged prepared blood fdms. An EDTA sample was allowed to settle
into a RBC pellet and plasma layer. The plasma was used as a RBC diluent, as RBCs
would be too concentrated on the fdm otherwise, using this technique. The plasma was
pipetted into a tube and used to make RBC dilutions as shown in Table 3.9 to determine an
optimum dilution:

Table 3.9
RBC Dilution

Plasma Volume

RBC Volume

Total Volume

1/10

270 pi

30 pi Neat RBC Pellet

300 pi

1/100

270 pi

30 pi 1/10 RBC dilution

300 pi

1/1000

270 pi

30 pi 1/100 RBC dilution

300 pi

1/10,000

270 pi

30 pi 1/1000 RBC dilution

300 pi

RBC dilutions used to make cytocentrifuged prepared blood fdms.

Blood fdms were made onto plain glass-slides and VB slides (Vectabond coated glassslides) for each RBC dilution. Three drops of the RBC dilution were pipetted into a
specimen chamber cup and the holder was assembled. The cytocentrifuge was set to a
speed of 500 rpm for 5 min and the holder was disassembled. Films were then fixed in air
and/or alcohol, examined optically and imaged with the AFM. Results are shown in Table
3.10, Figure 3.29
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Table 3.10
RBC dilution

1/10

1/100
1/1000
1/10,000
Comment

AFM image of RBCs
Fixed in 96% alcohol only (as
Fixed in air + 96% alcohol
for CSF technique for RBCs)
Too concentrated. Optically, some individual RBCs had an area of
central pallor. Images of RBCs were domed Figure 3.29. Layer of
plasma proteins on slide.
As above.
Rouleaux and isolated RBCs.
Isolated RBCs + WBCs + debris.
Images of cytocentrifuged prepared RBC films were not satisfactory.
-

AFM image of RBCs of cytocentrifuged prepared blood fdms made using various RBC
dilutions.

Figure 3.29

1332.37 nm
0 nm
100.1 pm

100.1

Three-dimensional image of RBCs in a cytocentrifuged prepared EDTA blood film
dilution 1/10, fixed in air and 9(5% alcohol + ^% HPLC grade H2O.
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Discussion of trial 3.2.4
Initially, the volume size of blood droplet which would give reasonably spaced apart RBCs
in the AFM images was examined. It was found that an air-fixed EDTA blood film made
using a 4 pi volume of sample gave AFM images of doughnut-shaped RBCs sufficiently
spaced apart {Figure 3.15(b)).

Air and alcohol fixation studies on a blood film were next performed with air-fixation of
the blood film being initially examined. It was concluded that a blood film should be made
as soon as possible, after sampling the blood. Blood films would be air-fixed rapidly in
future trials, both to minimise artifacts and to have a standardised air-fixation technique.
When air-fixed EDTA films were made using a 4 pi volume of blood sample filled to the
full line-mark in the tube AFM images of‘square’ doughnut-shaped RBCs (Figure 3.18(a))
were obtained.
Fixation of the blood film using both air and alcohol was next examined. The optimum
concentration of alcohol to use for fixing the blood film to obtain satisfactory AFM images
of RBCs was found to be 96% alcohol + 4% HPLC grade H2O. Doughnut-shaped RBCs
were obtained for both fresh (Figure 3.19(d)) and EDTA blood films (Figure 3.20(b)) with
an occasional dome-shaped cell also being present. Blood films were made soon after
sampling.
The alcohol fixation time was studied in the next trial. After initially air-fixing the blood
film rapidly, an alcohol fixation time of 4 minutes gave the greatest proportion of
doughnut-shaped RBCs in the AFM images.
It was concluded that samples used will be filled to the full line-mark in the blood tube.
Blood films will be air-fixed only as doughnut-shaped RBCs are obtained in the AFM
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images while RBCs were conical shaped doughnuts and dome-shaped RBCs for films fixed
in air and using either brand of alcohol.

The effects of a time-delay making a blood film was also examined. AFM images of RBCs
showed that blood films necessitate being made soon after the sample is taken to prevent
artifacts occurring in RBC morphology. AFM images of RBCs in blood films became
distorted from the doughnut shape as the samples aged, with an increase in crenation.

Finally, blood films made using the cytocentrifuge, using various RBC dilutions did not
give satisfactory AFM images. A centrifugation speed of 500 rpm (as for CSF technique
for RBCs) was used to make the cytocentrifuged prepared blood films which may have
been too great. This method was not used hereafter.
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3.2.5 Studies on the prepared blood film
3.2.5.1 Blood film reproducibility studies
To determine the reproducibility of RBC morphology in various areas of the blood film,
different areas throughout the blood film were imaged with the AFM and examined for
variability in morphology.

An EDTA blood film fixed in air and 96yo alcohol + AVo HPLC grade H2O was examined
under the optical microscope and imaged with the AFM. An area was identified from
features within a circular mark (marked with a marking lens) which acted as an internal
quality control. Five more areas were imaged within the circular mark and examined.

•

AFM images of RBCs appeared conical and doughnut-shaped, with many dome-shaped
cells present (Figure 3.30(a)

•

(/)).

Under the optical microscope, there did not appear to be a difference between both cell
types i.e. conical doughnuts and dome-shaped RBCs.

When an EDTA blood film fixed in air and 96% alcohol was imaged with the AFM a
number of times in different areas, the RBCs appeared in all images as a mixture of conical
doughnuts and dome-shaped RBCs.
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Figure 3.30
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(a) —> (f) Three-dimensional images of RBCs of an EDTA blood fdm fixed in air and 96yo
alcohol + 4% HPLC grade H2O, and imaged in six different areas of the film, to examine
for reproducibility in morphology.
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3.2.5.2 Examination of abnormal blood films
AFM images of abnormal blood fdms were examined in this trial to determine whether
differences between the various abnormalities could be obtained. RBC indices were
obtained for abnormal blood samples and fdms made, with some of the films being fixed in
air only and the remainder being fixed in air and 96% alcohol + 4%o HPLC grade H2O for
5 min. Films were examined under the optical microscope and imaged with the AFM. Line
analysis was performed on all images and three-dimensional profiles examined. Results of
AFM images obtained are shown in Table 3.11, Figures 3.31, 3.32, 3.33
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Table 3.11
No.

Patient
No.

Abnormality

Fixation
technique

AFM image of RBCs

1

2107260

Macrocytosis
MCV 98 n

Air + alcohol

2

2107403

Air + alcohol

3

2107369

Microcytosis, Hypochromic,
Polycytaemia RCC 7.5 xlO^/pl,
MCV 70.7 n, MCH 20.3 pg,
MCHC 20.7 g/dl
Macrocytosis, MCV 106 fl

4

1907076

Diabetic, Inc.’d HbAlc 11.4%
(NR 2.7-4.9%).

Air + alcohol

5

2007360

Positive DCd'
i.e. IgG on membrane

Air + alcohol

6

2107253

Positive DCT

Air + alcohol

7

2107054

Paroxysmal nocturnal
haemoglobinuria (PNH)

Air + alcohol

8

1209087

Spherocytosis

Air + alcohol

9

1711045

Malaria

Air + alcohol

10

506906

Air

11

506500

Mildly spherocytic
MCV 72.5 fl
Microcytosis
MCV 61.3 fl

12

FB335385

Macrocytosis
MCV 116 fl

Air

Figure 3.31(a)
Doughnut + dome-shaped
Average height -1.16 pm
Average width - 8.80 pm
Figure 3.31(b)
Doughnut-shaped.
Average height - 0.95 pm
Average width - 7.0 pm
Figure 3.31(c)
Doughnut + dome-shaped
Average height - 0.97 pm
Average width - 8.33 pm
Figure 3.31(d) Domed, some tear
shaped and crenated.
Average height - 1.5 pm
Average width - 9.27 pm
Figure 3.31(e)
Domed. Some crenated.
Average height - 1.40 pm
Average width - 6.86 pm
Figure 3.31(f) Doughnut-shaped.
Occasional dome.
Average height - 0.9 pm
Average width - 8.90 pm
Figure 3.32(a) Doughnut + dome
shaped. Occasional crenated RBC.
Average height - 0.82 pm
Average width - 8.96 pm
Figure 3.32(c), (d)
Spherical with pseudopodia visible
on membrane surface.
Average height - 1.76 pm
Average width - 5.16 pm
Figure 3.32(b) Mixture of flat +
slightly doughnut-shaped RBCs.
Average height - 1.35 pm
Average width - 7.99 pm
Figure 3.33(a)
Doughnut + dome-shaped.
Figure 3.33(b)
Doughnut-shaped.
Average height - 0.61 pm
Average width - 8.7 pm
Figure 3.33(c) ‘Square’ doughnuts.
Occasional dome.
Average height - 0.81 pm
Average width - 9.98 pm

Air + alcohol

Air

Results of AFM images of RBCs of abnormal EDTA blood films with some fixed in air only
and the remainder fixed in air and 9(5% alcohol + dVo HPLC grade H2O.
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Figure 3.31
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Three-dimensional images of (a) RBCs of a macrocytic EDTA film air and alcohol fixed,
(b) RBCs of a microcytic EDTA film air and alcohol fixed, (c) RBCs of a macrocytic EDTA
film air and alcohol fixed, (d) RBCs of a diabetic EDTA film air and alcohol fixed, (e)
RBCs of a positive DCT EDTA film air and alcohol fixed, (f) RBCs of a positive DCT
EDTA film air and alcohol fixed.
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Figure 3.32
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(a) Three-dimensional image of RBCs of a PNH EDTA film air and alcohol fixed, (b) threedimensional image of RBCs of a malarial EDTA film air and alcohol fixed, (c) Top-view
shaded image of RBCs of a spherocytic EDTA film air and alcohol fixed. Pseudopodia can
be identified, (d) three-dimensional image of RBCs of a spherocytic EDTA film air and
alcohol fixed.
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Figure 3.33
(b)
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Three-dimensional images of (a) RBCs of a spherocytic EDTA blood film fixed in air only,
(b) RBCs of a microcytic EDTA blood film fixed in air only, (c) RBCs of a macrocytic
EDTA blood film fixed in air only.

Differences between the various AFM images of abnormal blood films were obtained in
this trial. AFM images of the blood films compared very well with conventional optical
microscopy with for example, macrocytic RBCs being larger than microcytic RBCs and
spherocytes being spherical in shape.
The doughnut-shaped RBC was evident in the AFM images depending on the abnormality.
However, dome-shaped RBCs were also present, which were more evident in the AFM
image than under the optical microscope. Pseudopodia of the spherocytes were also very
evident in the AFM images.
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3.2.5.3 Examining reasons for the formation of dome-shaped RBCs
As there was both doughnut-shaped and some dome-shaped RBCs in many of the AFM
images of the blood films, it was decided to examine in further detail, the issue of the
dome-shaped RBCs.

(i) Leishman’s stain

An EDTA blood film which was previously made using a blood sample filled to the half
line-mark in the tube, air-fixed and fixed with 96% ethanol HPLC-Sigma, gave AFM
images which had the occasional dome-shaped RBC (Figure 3.26(a)). It was decided to
stain this film with Leishman’s stain (Method 2.3) and examine it under the optical
microscope.
The staining procedure consisted of covering the film with undiluted stain and allowing it
to remain for 30-60 sec. Twice the volume of buffered dist. H2O pH 6.8 was added to the
undiluted stain on the slide and mixed by gentle rocking. It was allowed to stain for 10 min
before flooding the stain off with buffered dist. H2O and washing until the film was pink (up
to 2 min).

When a blood film was stained using Leishman’s stain and examined under the optical
microscope RBCs appeared doughnut-shaped, confirming optical observations of unstained
RBCs in earlier trials.
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(ii) Optical microscopy
A normal fresh RBC film and a normal EDTA blood film air-fixed rapidly and fixed with
96% alcohol + 4%o HPLC grade H2O were examined more closely under the optical
microscope. (Films of Figures 3.7(b), 3.8(b) were examined). Blood films made using
FDTA samples from two donors, air-fixed rapidly and fixed with 96%) alcohol + 4%o HPLC
grade H2O were also examined (Figure 3.34).

Figure 3.34
(a)

(b)

1746.58 nm

75 urn

Three-dimensional images of (a) RBCs of an FDTA film (Donor I), air and alcohol fixed,
(b) RBCs of an FDTA film (Donor 2), air and alcohol fixed.

Under the optical microscope RBCs of air and alcohol fixed normal fresh and normal
EDTA blood films had an area of central pallor, i.e. biconcave disc. AFM images of the
RBCs were a mixture of doughnut and dome-shaped RBCs (See Figures 3.7(b), 3.8(b) and
Donor 1- Figure 3.34(a), Donor 2- Figure 3.34(b)). The dome-shaped RBCs were evident
only in the AFM images. Thus, in effect the centre of the RBC has become arched and
appears domed with the AFM. Under the optical microscope, the RBC appears biconcave
as the actual centre of the RBC remains the same thickness i.e. there is a hollow underneath
the arch.
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(iii) Three-dimensional images of air-fixed films made using varying ratios of EDTA to
blood sample
RBC shape was also examined for fresh RBC films and EDTA blood films made using
blood samples filled both to the half line-mark and to the full line-mark of the tube. Films
were air and alcohol fixed using two brands of alcohol, namely Sigma and Rathburn. See
Section 3.2.4.2, Table 3.7

(iv) Three-dimensional AFM images of normal films air-fixed only and air + alcohol fixed
AFM images of normal fresh RBC films and normal EDTA blood films were examined.
Blood films were both air-fixed only and air + alcohol fixed. Results are shown in Table
3.7, Figures 3.18, 3.24, 3.25, 3.35

Figure 3.35
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Three-dimensional images of (a) RBCs of a normal EDTA blood film air-fixed only, (b)
RBCs of a normal EDTA blood film air and alcohol fixed.

Air and alcohol fixation of both fresh and EDTA blood films caused many of the RBCs to
lose their doughnut shape and become dome-shaped. The alcohol also caused the RBCs to
become conical in shape as opposed to the ‘square’ shape of images of RBCs of films
which were air-fixed only.
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(v) Three-dimensional AFM images of normal and abnormal blood films
Three-dimensional AFM images of normal and abnormal EDTA fdms with some being airfixed only and others being air -f- alcohol fixed were examined. Results are shown in Tables
3.1, 3.4, 3.7, Figure 3.36
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Three-dimensional images of (a) RBCs of a normal EDTA blood film air and alcohol fixed,
(b) RBCs of a microcytic EDTA blood film air and alcohol fixed, (c) RBCs of a macrocytic
EDTA blood film air and alcohol fixed, (d) RBCs of a spherocytic EDTA blood film air and
alcohol fixed.

AFM images of RBCs of air and alcohol fixed normal and abnormal EDTA blood films
were generally conical shaped-doughnuts with dome-shaped RBCs present, while AFM
images of spherocytic RBCs were spherical in shape. AFM images of normal air-fixed
EDTA blood films were ‘square’ shaped doughnuts.
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Discussion of trial 3.2.5
This trial involved studies on the prepared blood film, with blood film reproducibility
studies being initially examined. AFM images of RBCs of an EDTA blood film fixed in air
and 96% alcohol imaged in different areas of the film, were a mixture of conical shaped
doughnuts and dome-shaped cells.

AFM images of abnormal blood films was examined in the next trial. Macrocytic RBCs
were shown to be larger than microcytic RBCs while spherocytes were shown to be
spherical in shape. Thus, concluding that the AFM can distinguish differences between the
various abnormal blood films.

The issue of dome-shaped RBCs was examined next. Under the optical microscope, RBCs
in a stained air and alcohol fixed EDTA or fresh blood film appeared doughnut-shaped.
AFM images of the RBCs were a mixture of doughnut and dome-shaped RBCs. An airfixed fresh RBC film gave images of‘square’ shaped doughnuts and some swollen RBCs.

Using either brand of alcohol to fix blood films which were made using blood samples to
the full line-mark in tubes gave AFM images of RBCs which were a mixture of conical
shaped doughnuts and domes, as opposed to the ‘square’ shaped doughnuts of images of
RBCs of films which were air-fixed only.
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3.3 Conclusions
In this chapter, various methods to separate and immobilise RBCs for optimum imaging
with the AFM were investigated and modified.

Initially, the method of Butt et al. (1990), was examined for its suitability as a technique for
imaging RBCs with the AFM. However, initial trials and modifications of the technique
were not very successful. Several aspects of the technique were studied with a number of
modifications being made to obtain good quality AFM images. These included: (i) prefiltering PBS and using PBS to make up glutaraldehyde 0.75% (v/v); (ii) using pre-cleaned
glass-slides coated with poly-L-lysine which was allowed to dry for a few days; (iii)
omitting glutaraldehyde at the first step and using a concentration of 0.75% (v/v) in the
second step. The best AFM image of RBCs obtainable was that of doughnut-shaped RBCs
partly submerged in a coating. A concentration of 0.75% (v/v) glutaraldehyde may be too
high.

Due to the difficulties encountered with the latter method, it was decided to use
Nycoprep^"^ as a separation medium for RBCs prior to their subsequent immobilisation and
imaging with the AFM. Initially, Nycoprep*^*^ and PBS solutions were used to form a
discontinuous gradient. A higher centrifugation speed than that used in the method of the
suppliers Nycomed (Nycomed, 1993) was found necessary to separate RBCs into three
divisions. Blood films were made using a washed 20% concentration of RBCs from each
layer and fixed in air and 96% alcohol + 4% HPLC grade H2O. AFM images of RBCs were
a mixture of both normal and abnormal morphology.
Nycodenz-NaCl gradients were subsequently used but it was found that RBCs from the
plain blood sample were difficult to pipette from the divisions in the gradient, with the
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added difficulty of the presence of haemolysis and debris. The EDTA sample was more
successful, with blood films being made and fixed for both ‘washed’ and ‘unwashed’ RBC
layers. AFM images of RBCs in films made using the ‘washed’ layers were found to have
distorted morphology, whereas RBCs were found to be mainly a normal doughnut shape in
the upper ‘unwashed’ layer with some distorted RBC morphology present in the other
layers. An EDTA blood film which was made using the original EDTA sample and fixed in
air and 96% alcohol + 4% HPLC grade H2O, gave images of doughnut and dome-shaped
RBCs. This implied that Nycoprep"^ caused distortion of the RBC shape. Thus, it was
decided not to use Nycoprep™ to isolate RBCs for immobilisation for the AFM.

The blood film was examined for its suitability as an immobilisation technique for the
imaging of RBCs with the AFM. An EDTA blood sample was found to be the most
suitable type. A blood film made on a polished glass-slide using a 4 pi droplet of wellmixed EDTA blood and air-fixed only was found to give the most satisfactory AFM images
of doughnut-shaped RBCs. The film should be made as soon as possible after the taking of
the sample. The background height of the blood film was also found to be negligible.
An interesting phenomenon that was discovered during the trials was that alcohol fixation
of the film, which is the normal hospital routine procedure for fixing blood films, caused
many of the RBCs to lose their doughnut shape and become dome-shaped. These dome
shaped RBCs which resembled spherocytic RBCs in AFM images appeared doughnut
shaped under the optical microscope while the spherocytic RBCs were spherocytic. The
alcohol fixation step was omitted once this was realised.
Also, it was found that ageing caused macrocytic RBCs to become “swollen”, in a
macrocytic sample whereas microcytic RBCs remained doughnut-shaped.
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In summary, immobilisation studies on the RBCs for atomic force microscopy found that
an air-fixed EDTA blood film gave the most satisfactory images of doughnut-shaped
RBCs. Blood films were made on polished glass-slides using a 4 pi volume of EDTA blood
sample with blood filled to the full line-mark in the tube. The films were made soon after
the taking of the sample and were air-fixed rapidly.
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Chapter 4
Determining Mean Cell Volume [MCV] of Red Blood Cells using
the Atomic Force Microscope

4.1 Introduction
As discussed in Section 1.6.2.3, the key red cell indiees used to eharaeterize the blood of
patients with anaemia are mean cell volume [MCV] and haemoglobin concentration
[MCHC]. In this chapter the feasibility of using the AFM to determine the MCV of red
blood cells was investigated.
As diseussed in Section 1.6.3, differing technologies are used in automated analysers to
determine blood count parameters. While some of the parameters give an aceurate reading,
such as the red cell count with co-efficient of variation [CV] < 1%, other determinations
such as MCV and MCHC can be problematic (Mohandas et al, 1980). When appreciable
deviation from normal MCV is suspeeted alternative methods should be used to confinn
values obtained from the electronic instruments. As cell volume was the key parameter
investigated and determined using the atomic force microseope within this project,
problems associated with its measurement by automated analysers are briefly outlined.
Methods by which AFM images of red blood cells ean be quantified are then discussed.
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4.1.1 Measurement of mean cell volume using automated blood cell analysers
For appropriate clinical evaluation, accurate and precisely determined blood cell counts are
neccessary. Electronic methods have been developed that provide, in most instances,
significantly less error than those performed using manual methods. However, errors
inherent in cell counts arise from dilution, mixing, distribution and enumeration of the
cells. Enumeration errors are caused by the superimposition of cells or by abnormalities in
the size or shape of the cells that are misinterpreted by the detection device (See Section
4.1.2 and Appendix Table J). Also, for all blood cell analysers, the accuracy of individual
cell volume measurements is limited by factors which depend on the unknown
haemoglobin concentration within each cell, a quantity which varies from one cell to the
next in a blood sample (Mohandas et al, 1980; Amfred et ai, 1981).
When a cell traverses the electrical field of the aperture in analysers with electrical
impedance and pulse editing., an electrical ‘shadow’ and pulse is created that is related to
cell volume and deformability. For normal red blood cells, the histogram of the volume
distribution is positively skewed. Pulses disproportionate to their volume are created for
cells of abnormal shape, e.g. a sphere produces a pulse 1.5 times its ‘true’ value while a
fixed biconcave disc has a value 1.2 times greater (Rowan, 1983). The internal viscosity of
the cell depends on the concentration of haemoglobin and, therefore, influences the ability
of the cell to deform. Increased haemoglobin concentration decreases deformability, thus
resulting in overestimation of the volume, whereas cells with a low haemoglobin
concentration deform more readily, with associated underestimation of the MCV and PCV
and falsely increased MCHC estimations. Reduced cell deformability can strongly
influence the MCV measurement by the Coulter type instrument (Mel and Yee, 1975),
where the actual shape of the cells as they flow through the instrument aperture determines
the measured volume (Waterman et ai, 1975). The position of the cell passing through the
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axis or margin of the aperture also influenees apparent eell volume, as pulse height is
determined by the position of the cell.
In analysers with electrical impedance and hydrodynamic focusing, the variation in pulse
heights with position in the aperture is eliminated, as the cells are now aligned at the
central axis of the aperture. However, the problem of accurate sizing of cells of different
shapes and deformability remains. With this measurement system the volume histogram of
normal blood is more Gaussian.
Measurement of cell volume by light scatter technology is determined by cell shape and
orientation as well as by volume (Bayvel and Jones, 1981). Isovolumetric sphering and
fixation of the cells eliminate these variables so that scatter becomes largely a function of
volume. However, the degree of scatter is also influenced by the haemoglobin
concentration within the cell and this affects the refractive index. Thus, there is an
uncertainty in the volume associated with a given scatter signal (Tycko et ai, 1985).
Nevertheless, the Technicon HI system measures forward low-angle (2 to 3°) scatter and
generates a near-Gaussian volume histogram for normal blood.
In flow-cytometric light scattering instruments, measurements of red blood cell volume
and haemoglobin concentration are determined simultaneously (Tycko et al, 1985). The
experimentally determined MCV and MCHC measurements have been shown to be as
accurate and precise as those produced by reference methods and crucially the problem of
MCHC interference with MCV measurements, which limited the accuracy of an earlier
generation of automated haematology instruments, has been eliminated (Mohandas et ai,
1986).
The Technicon HI (Technicon Instruments Corp.) system utilises the above principle
(Simson et al, 1988). It has a system of flags for abnormal morphology which alert the
operator that additional work, such as microscopic examination of the blood, may be
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required {Table 4.1). In relation to red blood cells, there are RBC flags, RBC volume flags
and RBC chromia flags, RBC flags consist of six morphology flags for red blood cells with
three being related to volume (size): anisocytosis (ANISO), microcytosis (MICRO) and
macrocytosis (MACRO); and three related to individual red cell haemoglobin
concentration or colour (haemoglobinisation): anisochromasia (VAR), hypochromasia
(HYPO) and hyperchromasia (HYPER). In relation to RBC volume flags, the normal range
for individual RBC volume is 60 fl to 120 fl. The red cell distribution width [RDW] is used
to derive the ANISO flag and is displayed if the value is higher than normal. The
percentage of microcytic (RBCs with a volume less than 60 fl), macrocytic (RBCs with a
volume greater than 120 fl) and normocytic cells are counted, with MICRO and MACRO
flags displayed if more than a certain percentage of cells are in these categories. For RBC
chromia flags the limit markers for the normal range are set at 28 g/dl and 41 g/dl. The
percentages of normochromic (RBC haemoglobin concentration between 28 g/dl and 41
g/dl), hypochromic (RBC Hb concentration less than 28 g/dl) and hyperchromic (RBC Hb
concentration greater than 41 g/dl) cells are counted, with HYPO and HYPER flags
displayed if more than a certain percentage of cells fall into these categories. The VAR flag
is displayed if the haemoglobin distribution width [HDW] value is higher than normal.
The degree of severity is graded as an increasing sequence of pluses (+ to +++) for some
flags, while others indicate only present (+) or absent. Morphology flags are also encoded
as a four-digit RBC flag with the first digit dealing with RDW, the second with RBC size,
the third with HDW and the fourth with RBC chromia.
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Table 4.1

CONDITION

RBC
FLAG

RBC COLOUR

RBC SIZE
ANISO

MICRO

MACRO

VAR

HYPO

HYPER

RDW< 16.0

oxxx

16.0 ^RDW< 18.0

IXXX

+

18.0 ^RDW< 22.0

2XXX

-H-

22.0 ^ RDW

3XXX

-H-t-

%Micro < 2.5 and %Macro < 2.5

XOXX

%Micro < 2.5 and 2.5 ^ %Macro £ 6.5

XIXX

+

“/oMicro < 2.5 and %Macro > 6.5

X2XX

++

2.5 ^ "/oMicro ^ 6.5 and %Macro < 2.5

X3XX

+

2.5 ^ "/oMicro ^ 6.5 and 2.5 ^ %Macro ^ 6.5

X4XX

+

+

2.5 ^ %Micro ^ 6.5 and %Macro > 6.5

X5XX

+

-H-

%Micro > 6.5 and %Macro < 2.5

X6XX

-H-

%Micro > 6.5 and 2.5 ^ “/oMacro ^ 6.5

X7XX

-H-

+

%Micro > 6.5 and %Macro > 6.5

X8XX

-H-

-H-

HDW<3.4

XXOX

3.4 ^ HDW < 3.9

XXIX

+

3.9 ^ HDW < 4.6

XX2X

++

4.6 ^ HDW

XX3X

+++

%Hypo < 4.0 and %Hyper < 4.0

xxxo

%Hypo < 4.0 and 4.0 ^ %Hyper ^ 8.0

XXXI

+

%Hypo < 4.0 and %Hyper > 8.0

XXX2

++

4.0 ^ %Hypo ^ 8.0 and %Hyper < 4.0

XXX3

+

4.0

^

“/oHypo ^ 8.0 and 4.0 ^ %Hyper ^ 8.0

XXX4

+

+

4.0

^

%Hypo ^ 8.0 and %Hyper > 8.0

XXX5

+

++

%Hypo > 8.0 and %Hyper < 4.0

XXX6

-H-

%Hypo > 8.0 and 4.0 ^ %Hyper ^ 8.0

XXX7

-H-

+

%Hypo > 8.0 and %Hyper > 8.0

XXX8

-H-

++

RBC volume flags, obtained with the Technicon H*1 (Simson, 1988)
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4.1.2 Erroneous results using automated analysers
Most incorrect results from automated analysers are related to eharaeteristies of the blood
sample and are deteeted by deviation of the pattern of related parameters or in relation to
other investigations; the blood film being of particular importance in this context. Ineorrect
results can be due to constituents of instrument-speeific reagents, time of exposure to the
action of reagents, temperature of the reaction, etc. False results for MCV which are
eommon to most analyser systems, and the eauses thereof, are now briefly outlined.
Falsely high MCV values:
Increased MCV can be due to prolonged storage of the sample and imperfect operating
conditions (Lawrence et ai, 1975; Young and Lawrence, 1975). However, the most
common cause is agglutination, where agglutinins active at ambient temperature result in
cell aggregates being counted as single cells (Reid et al, 1985). In hyperglycaemia and
other hyperosmolar states, red cells suspended in non-isotonic medium rapidly take in
water and increase the MCV (Allen et ai, 1980; Davidson et ai, 1981; Savage and
Hoffman, 1983). Correct measurement of the MCV is obtained by predilution in reagent
followed by standing for 30 minutes to allow equilibration. In Coulter systems it is a
partieular feature. A high MCV which is not in accord with the MCH or which is not
reflected in the blood film should be prediluted and repeated. If there is no predilute facility
on the instrument the MCH can be used as an index of eell volume.
Falsely low MCV values:
Hypo-osmolar states have the opposite effect to the hyper-osmolar conditions as described
above and the same proeedure can be used to obtain results. The inherent characteristics of
certain instruments previously discussed ean also give falsely low values as can an increase
in ambient temperature after calibration which reduces the conductivity of electrolyte in
impedance eounters (Young and Lawrence, 1975).
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4.1.3 Quantification issues involved in measuring mean cell volume of red blood cells
with the AFM
One of the main objectives of this work was to determine the feasibility of measuring mean
cell volumes of red blood cell samples using the AFM. The hospital laboratory uses in vitro
blood samples to determine absolute values using automated blood cell analysers.
However, as the AFM images the surface topography of a stationary sample, the RBCs
must be held in some way or laid down on a surface and fixed before they can be imaged.
Various immobilisation techniques for red blood cells were investigated as outlined in
Chapter 3 and eventually a modification of the blood film technique was found to give
suitably satisfactory AFM images of RBCs.
There are a number of issues to be considered when measuring the mean cell volume of
RBCs using the AFM. Firstly, the cells shrink during immobilisation and therefore the
immobilised mean cell volume (IMCV) is smaller than the MCV, the latter being measured
in vitro.
Secondly, in the interpretation of AFM images, it is important to take account of the fact
that although an AFM images surface topography, the images are subject to artifacts. Tip
convolution or tip imaging (See Figure 1.3) causes most imaging artifacts, with each data
point within an image being a combination of the shape of the tip and the shape of the
feature imaged. The true edge profile of the feature is measured provided the slope of the
side of the tip is much steeper than that of the feature. When the feature’s edge is sharper
than the tip, the image will be dominated by the shape of the tip. Thus, tip diameter and tip
aspect ratio ( = length / width) are critical. Due to this effect RBCs are imaged by the AFM
with a ‘skirting effect’ (Figure 4.1(a), (b)) which gives RBC images with larger diameters
than the actual RBCs. Height values will be correct for individual RBCs provided there is
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sufficient space between neighbouring RBCs to allow the AFM tip unrestricted access to
the sides of the cells.
In addition, it is important to note that the complete volume of the RBC cannot be
measured due to the inability of the tip to access re-entrant (i.e. the lower perimeter) and
hidden regions (i.e. underneath the central region). As a result the AFM image will give
larger area and volume measurements. Errors can be minimised by using the same tip
shape. However, if the RBC was immobilised as the biconcave RBC in Figure 4.1(a) or the
spherocytic RBC in Figure 4.1(h), it would be possible to take line analysis measurements
at the circumference of the RBC to give a true measurement of the top half of the RBC.
One could then scale up the m*easurement. However, it appears that the doughnut-shaped
RBC found in vitro fSee later Figure 4.3(a)) “collapses” onto the substrate as in Figure
4.3(h) and the latter method is not applicable.

Width
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Hidden region

,la,s slulr

(b)
Tip Imaging
h

Spherocyte
h__ 4

Re-entrant
region

Width
^ taken
...ath/l

Path of Tip
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Tip imaging of (a) a normal biconcave shaped RBC, and (b) of a spherocyte.
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If the RBC changes volume isotropically, i.e. retains its shape, then changes in volume will
correlate with changes in other quantification parameters such as surface area, width and
height. This is illustrated in Figure 4.2 (a). However, if the RBC alters shape e.g. constant
diameter but varying thickness, then the situation is different. This is illustrated in Figure
4.2(b) where for example changes in surface area do not correlate with volume changes.

Figure 4.2
(a)

(b)

Surface Area notx Volume
Surface Area I «Surface Area 2
Volume I < Volume 2

Surface Area oc Volume
Surface Area 1 < Surface Area 2 < Surface Area 3
Volume I < Volume 2 < Volume 3

(a) A spherocyte can vary in surface area and volume, as is shown in diagram where area
1< area 2 < area 3 and volume 1 < volume 2 < volume 3. (b) A normal RBC fixed on a
glass-slide has an apparent concave shape. However, the concave shape can vary
depending on the clinical condition of the patient, e.g. shape 1 and shape 2 in diagram,
where surface area RBC 1 = surface area RBC 2 hut volume RBC 1< volume RBC 2.
Finally, as blood is composed of both cellular elements and plasma (Section 1.6.1), the
immobilised RBCs may have a layer of ‘debris’ arising from plasma solids on the
background substrate surface. If the depth of the depression of the RBC is greater than half
the height of the RBC i.e. hi > ho then the centre of the RBC has “collapsed”. If the depth
of the depression of the RBC is greater than the height of the ‘debris’ surrounding the RBC
i.e. hi > h2, then there is a lot of “debris” around the RBC (Figure 4.3(b)). There is a

178

possibility that ‘debris’ could also be coating the RBC and the substrate as shown in Figure
4.3(c).

Figure 4,3
(a)

'hiconcaveshaped' RBC'

hn/2

(b)
RBC
ho/2

‘debris '

(C)

RBC + ‘debris

‘debris

(a) A normal doughnut-shaped RBC with the height of the depression shown as hi_ the
height of the RBC as ho and ho /2 as half the height of the RBC, (b) shows hi > ho /2,
implying the centre of the RBC has collapsed, (c) shows a coat of 'debris ’ coating the RBC
and the substrate.
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4.1.4 Levelling of AFM images
An AFM image of any sample contains an unwanted background due to AFM scanner
curvature and sample tilt. Due to the extremely small scales involved it is not possible to
mount a sample perfectly level within an AFM. The non-linear background is generally due
to scanner curvature but would include non-linear sample form (shape). The background
therefore has non-linear and linear contributions that can be removed using software. The
process by which one can remove the background is known as levelling.

Figure 4.4
(a)

Measured^
Z-level

Before software levelling

(b)

Measured [
Z-level 1
After software levelling

(a) Measured Z-level before software levelling which includes topography of interest and
sample tilt, (b) measured Z-level after software levelling with topography of interest minus
sample tilt.
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As illustrated in Figure 4.4, first order or planar levelling removes the tilt. Second or higher
order levelling corrects for curvature or bow in the sample by fitting the data to a curve
(Figure 4.5).

Figure 4.5
(a)

(b)
Measured
Z-level

After higher order levelling

(a) Measured Z-level before second or higher order levelling, (b) measured Z-level after
second or higher order levelling.

Using the TopoMetrix SPMLab software, basic one-step levelling can be applied to many
images whereby a

order levelling of the entire sample to one plane is initiated, using a

least-squares algorithm to fit the image to a plane and then subtracting the plane from the
image. This function can be applied by clicking on the Level button on the Tool Bar.
Selecting Process => Levelling invokes the Levelling dialog, accessing a more advanced
set of levelling options. By selecting the Auto Levelling option enables one to level in one
of four modes: Horizontal, Vertical, 2D or 3 Point (Figure 4.6). These modes allow
levelling based on calculations which handle progressively more complex image curvatures
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and tilts. Each line of the image is fitted to a curve and this fitted line is then used to level
the line in the image.

Figure 4.6
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Levelling options window showing the various options which can he accessed.

•

Horizontal: This applies the levelling function from the top down, based on the value
selected in the Order field, with

•

through 6^**^ order calculations being possible.

Vertical: This applies the levelling function from side-to-side, based on the value
selected in the Order field, with E* through 6^*^ order calculations being possible.

•

2D (Plane levelling): This levels the data in both the x and y directions, with
through 3*^^ order calculations being possible. Note: 2D, D‘-order levelling is the same
function applied when clicking on Level button on the Tool Bar.
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•

3 Point: This function allows one to choose 3 points anywhere on the image and this
will designate the plane to which the image is levelled. It is particularly useful for
levelling images in which “steps” occur.

Advanced Levelling (Figure 4.6) allows one to inelude or exclude a specified Z range for
application of the levelling operation. It allows one to include or exclude one or more
regions within the image and one can also use both methods together. Selected portions of
the scan will be highlighted in green and one can then select from the Horizontal, Vertical,
or 2D funetions to apply levelling to the defined area.

4.1.5 Calibration of AFM instruments
The measurement accuracy for TopoMetrix scanners is verified and recalibrated

if

necessary using the SPMLab software. Contact scans of the TopoMetrix calibration grid or
any calibration standard with a known periodicity are used to fonn the basis of the
ealibration information. With SPMLab, scanner ealibration is validated with the Verify
Calibration function.
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4.1.6 Quantification software packages
The software packages available in-house for image processing were:
•

Image SXM (Version 1.58), a modification of NIH Image (NIH Image) suited to SPM

•

Ultimage® - Optilab® (Graftek, Version 2.6)

•

SPMLab (Release 3.06) (TopoMetrix, 1996)

Each of the software packages was examined for suitability for the quantification of red
blood cells.
Image SXM (Version 1.58)

This is a public domain image processing and analysis program for the Macintosh
computer. It can be used to measure planar area, mean, centroid, perimeter etc. of user
defined regions of interest. Automated particle analysis can also be performed using a
planar threshold and there are tools for measuring path lengths and angles. However, Image
SXM does not measure volume or surface area.
Ultimage® - Optilab® (Version 2.6)

Quantitative analysis available using this commercial package included five major
operations: particle detection, counting, measurement, filtering, and distribution statistics.
Particle detection, counting and measurement are performed by a single function called
particle, with particle report displaying and saving the objects measurements. Particle
filter selects and views particles based on user chosen parameters, with numbering options
applying an interactive numbering overlay on the detected particles to improve
visualisation of results. Statistical reports are used to examine the distribution of objects
with respect to their shape features. There are no functions for measuring volume or
surface area.
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TopoMetrix SPMLab (Release 3.06)

SPMLab operates in three modes: data acquisition, image analysis and screen editing. The
instrument scan control and image acquisition parameters are set in the data acquisition
module. While preliminary image processing can be performed with the latter module, the
separate image analysis module is used to display, process, and analyse the scanned images.
Finally, the screen editor module brings the processed image and scan data together for the
presentation of data.

Each of these packages was evaluated in detail and it was found that the package which
best fulfilled the requirements of the project was the TopoMetrix software SPMLab
(Release 3.06), as it had functions which could measure surface area and volume, which
could ultimately be used to calculate MCV. Thus, the other packages will not be further
discussed.

185

4.1.7 Quantification methodology
The RBC parameters considered for measurement with the AFM were height, width,
surface area and volume.
•

Line analysis was examined as a possible means of relating height and width
measurements to the MCV.

•

The area analysis parameter was used to calculate surface area ratio [SAR] as a possible
means of relating this calculation to the MCV. Surface area ratio was calculated by
dividing the surface area by the ‘correct’ projected area (i.e. calculated using blank area
of film with no RBCs), and then finding SAR per RBC by dividing by the number of
RBCs in that image. However, it is recognised that SAR might not be of use as a
measurement for RBCs in the determination of RBC volume (Figure 4.1). SAR may be
satisfactory to use when shapes are consistent.

•

Particle analysis was used to determine the volume of RBCs. This involved a
thresholding step which was found difficult to set due to small variations in level from
RBC to RBC within an image and variations in the background.
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4.2 Results and discussion
4.2.1 Examining line analysis functions in the TopoMetrix software as a means of
measuring MCV
A variety of tools for measuring the characteristics of user-selected line profiles on the
active image are provided by this analysis package. The line analysis set-up window is
invoked by selecting Analysis => Line analysis. The various types of line analyses include:
•

Line length: The default line length value is the full length of the image, which can be
changed to any value less than the default length.

•

Line type: This field is used to define: Hori (horizontal), Vert (vertical), or Var
(variable) line profiles.

•

Line editing: This field defines the actual line location within the image and it can be
changed by typing in a value corresponding to the desired line location.

A line analysis set-up window is shown as an example in Figure 4.7(a), of a macrocytic
sample image {Figure 3.31 (a)(Image 4RBC1-1)). The line analysis report window for this
image is also shown, as an example, to demonstrate some of the measurement analyses that
can be performed {Figure 4.7(b)).
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(a) Line analysis set-up window showing Figure 3.31(a) (Image 4RBC1-1), image of RBCs
from an air and alcohol-fixed macrocytic EDTA blood film, (b) Line analysis report
window showing Figure 3.31(a) (Image 4RBC1-1), image of RBCs from an air and alcohol
fixed macrocytic EDTA blood film.
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4.2.1.1 Examining the height, width and depth of depression of RBCs as a means of
correlating with MCV
The line analysis parameter in the TopoMetrix software was examined in an attempt to
quantify RBCs with the AFM and establish a parameter that correlated with MCV. The
width [w] height [h] and depth of depression of RBCs were measured for 25 cells and the
average value calculated. The width was measured at half the height of the RBC. Values
were examined for any correlation with the MCV value from the hospital. Initial trials gave
results as shown in Table 4.2 for blood fdms which were air and alcohol fixed on glass
slides.

Table 4.2

Macrocytosis

Microcytosis

Macrocytosis

Patient sample

2107260

2107403

2107369

Image

4RBC1-1

4RBC2-1

4RBC3-1

98

70.70

106

Average width of RBC (pm)

8.95

7.30

8.50

Average height of RBC (pm)

1.01

*1.04

1.19

Average depth of depression
in RBC (pm)

0.60

1.08

0.65

Abnormality

MCV (fl)

Results of line analysis on images of EDTA blood fdms made using two macrocytic samples
and one microcytic sample. Films were fixed in air and 96yo alcohol +
HPLC grade
H2O. (*See below).

•

Average width of the RBCs correlated with MCV in this set of results. The average
width of the microcytic RBCs was 7.3 pm compared with the average width of the
macrocytic RBCs which was 8.95 pm for patient sample 2107260 and 8.50 pm for
patient sample 2107369.
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•

* RBCs in the microcytic image were close together thus making it difficult to obtain
accurate height measurements.

•

The average depth of depression of the RBC for the microcytic sample was almost
twice that of the macrocytic samples.

•

The depth of depression for the occasional RBC was greater than the actual height of
the RBC suggesting a background coating.

•

The exact ages of the blood samples, i.e. time sample was taken, are not known as
samples were taken in the hospital ward. Thus there is an uncertainty in the results as
the MCV value increases with time.
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The trial was repeated using microcytic, normal and macrocytic EDTA blood films, which
were air-fixed only. Width, height and depth of depression of RBCs were measured for 25
cells and the average values calculated. Results are shown in Table 4.3.

Table 4.3
Microcytosis

Normal

Macrocytosis

rbcMl

rbca3

rbca44

MCV (fl)

63.8

93

118.4

Average width of RBC (|am)

7.20

8.00

9.60

Average height of RBC (jam)

0.80

0.85

1.20

Average depth of depression
in RBC (pm)

0.59

0.47

0.92

Abnormality
AFM image

Results of line analysis on images of microcytic, normal and macrocytic EDTA blood films,
which were fixed in air only.

•

The average width of the RBC correlated with the MCV for this set of results. The
average width was 7.2 jam for the microcytic RBCs, 8.0 |am for the normal RBC and
9.6 |am for the macrocytic RBCs.

•

The average heights showed a clear trend with MCV, with the microcytic RBCs having
the lowest average height i.e. 0.80 jam, the normal RBCs having an average height of
0.85 jam and the macrocytic RBCs having an average height of 1.20 jam.

•

The average depth of depression in the RBC did not appear to follow a trend for images
of the three types of blood film in this trial.

•

The exact ages of the blood samples i.e. time samples were taken, was not known, as
samples were taken in the hospital ward. The microcytic image contained some
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crenated RBCs implying that the sample had been taken a few hours before the film
was made.

The average width of the RBC correlated with the MCV in both trials. For height values to
be credible, it is necessary for the RBCs to be well spread out in the image, which was not
the case for the microcytic film in the initial trial. The average height of the RBC correlated
with the MCV value in the second trial where films were air-fixed and RBCs more spread
out.
The average depth of depression in the RBC for the microcytic sample was almost twice
that of the macrocytic samples for the first trial where films were air and alcohol fixed
suggesting that this value may correlate with the MCV. There was no correlation for
average depths of depression in the second trial where the film was air-fixed.

The exact age of the samples was not known and there is an uncertainty in the results as
MCV increases with time.
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4.2.1.2 Examining the background height of the blood film
The significance of the background height of a blood film in relation to RBC line analysis
measurements was next examined. The edge of the film was imaged and line analysis
performed. To examine both edges of the film, a fresh EDTA blood film was made using a 5
mm wide slide as a narrow spreader. The film was air-fixed rapidly and fixed in 96yo
alcohol + dVo HPLC grade H2O for 5 min. The film was imaged on both sides. Line
analysis was performed on all images.

•

On examination of line scans, it could be observed that there was a very low
background height between the cells. The RBCs at the edge of the film had slightly
distorted morphology (Figure 4.8(a), (b)).

•

The background height of the blood film was 0.02 pm and was not considered
significant when compared to the height of the RBC ~ 1pm (background height ~ 1/40
the height of the RBC). Blood consists of ~ 45% by volume blood cells and ~ 55% by
volume plasma which is composed of ~ 90% H2O, 7% proteins and 3% electrolytes,
enzymes etc. Thus, there is not a significant concentration of plasma surrounding the
RBCs.

•

It could be observed that there was a build-up of plasma proteins at the edge of the
film.

Using a fresh EDTA blood film which was air and alcohol fixed, AFM images of the
background height of the blood film (substrate coating thickness) was found not to be
significant by comparison with the height of the RBC. Thus, AFM images of RBCs were
suitable for line analysis measurements.
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Figure 4.8
(a)

n

Distance
1 3.35 Um
2 7.74 Um
3 3.61 Um

Height
1347.03 nm
7.74 nm
1392.00 nm

(b)
Ima

U Distance

1 3.09 um
2 7.02 um
3 3.93 um

Height
1197.75 nm
89.09 nm
1168.47 nm

Line analysis of (a) side 1 of an AFM image of an air and alcohol fixed EDTA blood film,
(b) side 2 of an AFM image of an air and alcohol fixed EDTA blood film. Both images were
levelled using 3-point levelling.
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4.2.1.3 Determining whether there is a ‘dead volume’ underneath overlapping RBCs
‘Scale and zoom was performed on overlapping RBCs from a number of images of an
’

EDTA blood fdm which was air-fixed only. Images were levelled using 3-point levelling
and line analysis was performed on the overlapping RBCs to determine whether there is a
‘dead' volume underneath (i.e. volume underneath RBCs which is being measured but is
not part of the cells). Examples of results obtained are shown in Figure 4.9.

#
1
2
3

Distance
1.15 Um
8.86 tlm
1.27 Um
A 2.03 Urn

Heiqht
1006.05 nm
71.59 nm
931.40 nm
244.71 nm

(b)

20.02 (xm

1281.61 nm
640.8 nm
0 nm

20.02 nm

10.01 urn
0 tim
0 nm
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(C)
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(e)
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1_______,
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1413.05 nm
461.46 nm
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9.6
14.4
Distance (pm)

19.2

24 nm

(f)

• 1281.61 nm
0 nm

Line analysis on overlapping RBCs to determine whether there is a ‘dead volume’
underneath. AFM images are of an EDTA blood fdm which was air-fixed only, (a) Image
RBCP34 shows line analysis of a pair of overlapping RBCs and its three-dimensional
image in (b). (c) Image RBCP37 shows line analysis of a number of overlapping RBCs and
their three-dimensional image in (d). (e) Image RBCP41 shows line analysis of
overlapping RBCs with a WBC and its three-dimensional image in (f).
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Line analysis of the overlapping RBCs show that the RBCs are resting on each other
with an indentation in the line profile at the point of overlap (Figure 4.9(a), (c), (e)).
The heights of the RBCs are similar at the cell periphery and at the point of overlap.
For Figure 4.9(e) the WBC is raising the height of the RBC at the point of overlap. The
WBC is approximately half the height of the RBC.
The imprint of the underlying RBCs is clearly visible in the two-dimensional images of
the top RBCs (Figure 4.9(a), (c), (e)).
The three-dimensional images of the overlapping RBCs (Figure 4.9(b), (d)) and the
overlap with the WBC (Figure 4.9(f)) give a very clear picture of what is happening.
The RBCs seem to behave like ‘jelly’ and mould together, with a consequent distortion
of the doughnut shape. This seems to suggest that the RBCs are lying flat collapsing
onto each other and the glass-slide support.
Depending on the degree of overlap, RBCs seem to try to maintain their doughnut
shape with the doughnut shape decreasing with increasing overlap.

Overlapping RBCs appear to mould together according to line analysis and threedimensional profiles with the RBCs lying flat on the surface.
This implies that volume measurements of overlapped cells might be acceptable. However,
without direct evidence of the absence of ‘dead volume’, quantification will be restricted to
single RBCs.
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4.2.1.4 Performing a stability trial on a sample image area, but calibrating the
scanner before imaging on day 1 and after imaging on day 2.5
An EDTA blood film was made immediately after analysis using a fresh EDTA blood
sample (Sample FB030495 MCV 81.1 fl), and imaged on day 1 (images rbcal98, rbcal99)
and day 2.5 (images rbca202, rbca203, rbca204, rbca205) in exactly the same area. Before
imaging, the AEM was allowed to do a continuous scan for half an hour to warm up the x
andy piezo’s. The zpiezo was not warmed as the scanner was not in contact. On day 2.5,
the tip had to be moved slightly to find the same area as there was some thermal drift. Line
analysis was performed on the same 2 RBCs in each image (Tables 4.4 (a), 4.4 (b)). The
surface area was obtained for a 50 pm x 50 pm ‘zoomed mage ’ of exactly the same area of
each image with each image being planar levelled before analysis (Table 4.4 (c)). The AFM
was calibrated by imaging the same position of the calibration grating (Calibration
grating TGS02

512 nm) three times before imaging the blood film on day 1 and after

imaging the blood film on day 2.5 . The calibration grating was imaged five times on day
2.5 in case there was a warm-up issue. Line analysis was performed on the AFM images
(Table 4.5), (Figure 4.10).

Table 4.4 (a)
Day 1
Height (pm)
Width (pm)
Depth of depression (pm)

Image rbcal98
RBCl
1.015
9.29
0.815

RBC2
1.083
7.56
0.910

Image rbcal99
RBCl
1.042
8.86
0.799

RBC2
1.058
7.56
0.867

Results of line analysis for RBCl and RBC2 on Day l,for images rbcal98 and rbcal99.
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Table 4.4 (b)
Day 2.5

Image

RBCl
Height (m-iti)
Width (|im)
Depth of depression (pm)
RBC2
Height (pm)
Width (pm)
Depth of depression (pm)

rbca202
1.101

9.07
0.859
1.112

7.78
0.928

rbca203
1.109
8.64
0.862

rbca204
1.053
8.64
0.865

rbca205
1.068
8.64
0.867

1.145
7.56
0.936

1.033
6.89
0.928

1.065
7.56
0.899

Results oj line analysis for RBCl and RBC2 on Day 2.5, for images rbca202, rbca203,
rbca204, rbca205

Table 4.4 (c)
Day

Image (50 pm x 50 pm)

Surface area (pm^)

1
1
2.5
2.5
2.5
2.5

rbcal98
rbcal99
rbca202
rbca203
rbca204
rbca205

2,931
2,906
2,959
2,960
2,958
2,967

Surface area (fun) of ‘zoomed image’ 50 fum x 50 fim of exactly the same area of each
image. Images were taken on day 1 and day 2.5 with each image being planar levelled
before analysis.
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Table 4.5
Calibration

cal 1
cal 2
cal 3

Day 1

Day 2.5

780 nm
820 nm
870 nm

770 nm
770 nm
770 nm

Results of calibration heights for Day I and Day 2.5 for a calibration grating, imaged at
same location.

Figure 4.10
r Imaae

Report

#
1
2
3

Distance
1.79 Um
1.59 Um
1.19 Um
A 1.79 Um
5 1.79 Um
6 1.79 Um

Heiqht
841.30
845.04
843.98
839.49
834.54
833.82

nm
nm
nm
nm
nm
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An example of line analysis on a calibration grating. 3-point levelling was performed on
the image before analysis.
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•

Line analysis was performed on the AFM images taken on day 1 and day 2.5 with very
little variation being found between the RBCs (Tables 4.4 (a), (b)).

•

Surfaee area (pm ) of ‘zoomed image’ 50 pm x 50 pm of exactly the same area of each
image taken on day 1 and day 2.5 with each image being planar levelled before analysis
showed surface area measurements to be relatively similar in value.

•

Calibrations were found to be stable on day 2.5 but not on day 1. There was a
difference of 50 nm between calibration 2 and calibration 3 readings over 820 nm on
day 1 which is not very significant {Figure 4.10).

Discussion of trial 4.2.1.4
Sample image areas were found to be stable when imaged at day 1 and day 2.5

A

calibration can be performed both before and after imaging the RBCs with the aid of a
calibration grating. However, this is very time consuming and a latex internal standard
would be sufficient.
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4.2.1.5 Using latex particles as in-situ calibrants in the imaging of RBCs in a blood
film
The possibility of using latex particles as in-situ calibrants in the imaging of RBCs in a
blood film was examined in this trial. Using particles of a known size and dimension
should enable one to determine the background height of the blood film and whether it had
an influence on the height of the RBC. However, as RBCs are suspended in plasma, there
may be a possible layer of plasma proteins being laid down on the glass-slide, thus
affecting the true height of the RBC being obtained from the image using line analysis.
For this trial, a fresh EDTA sample was mixed with latex particles of size 1.07 pm to give
the following dilution’s:

Table 4.6
Latex Particle Dilution

Volume of Latex

Volume of EDTA blood

1/10

1 pi

9 pi

1/100

1 pi of 1/10 dilution

9 pi

1/1000

1 pi of 1/100 dilution

9 pi

1/10,000

1 pi of 1/1000 dilution

9 pi

1/100,000

1 pi of 1/10,000 dilution

9 pi

Latex particle dilutions in EDTA blood which were used to determine the optimum dilution
to use in the trial examination of the background height of the blood fdm.

Blood fdms were made for all above dilutions, air-fixed rapidly and fixed with

ethyl

alcohol (+4% HPLC grade H2O). Films were examined under the optical microscope and
imaged with the AFM.
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AFM images of the blood films contained latex particles for all dilutions in
concentrations inversely proportional for increasing dilutions i.e. dilution 1/100,000
contained the lowest concentration of latex particles {Figure 4.11).
Line analysis of the latex particle image showed the height to be ~1.31 pm and the
width ~ 1.81 pm. Line profiles of latex particles show them to have a Gaussian
distribution and thus up to 30 particles should be measured to get a mean value.

Latex oarticle

Latex

RBC

2124 nm

1983i

r

Report

u
1
2
3

A

Distance
3.61 um
1.81 Um
8.25 um
8.25 um

130 |im

Height
1309.17 nm
96.75 nm
1115.60 nm
1.47 nm

Distance (pm)

1

Top-view image of RBCs and latex particles, of an EDTA film made using a sample mixed
with latex particles at a dilution 1/100,000.

Discussion of trial 4.2.1.5
Thus, it can be concluded that latex particles can be mixed with a blood sample and a
blood film made and imaged with the AFM. Line analysis can be performed on the image
of the latex particles in the blood film. The background height of the blood film was found
to be minimal and did not effect the height of the RBC.
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Discussion of trial 4.2.1
The average width of the RBC was found to correlate with the MCV. The average height of
the RBC also correlated with the MCV value where films were air-fixed and RBCs spread
out. No correlation was found for average depths of depression of the RBCs when the
blood film was air-fixed. The average depth of depression in the RBC for the microcytic
sample was almost twice that of the macrocytic samples when the blood films were air and
alcohol fixed. The age of the samples was not known and this introduces an uncertainty
into the results as MCV increases with time.
AFM images of the background height (substrate coating thickness) of a fresh EDTA blood
film which was air and alcohol fixed was found to be insignificant by comiparison with the
height of the RBC.
Volume measurements of overlapped cells might be okay as they appear to mould together
according to line analysis and three-dimensional profiles with the RBCs lying flat on the
surface. Without direct evidence of the absence of ‘dead volume’, quantification will be
restricted to single RBCs.
Latex particles can be used as in-situ calibrants in the imaging of RBCs in a blood film.
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4.2.2 Examining area analysis functions in the TopoMetrix software as a means of
measuring MCV
The surface area parameter in the software was examined in an attempt to correlate it with
the MCV. Surface analysis functions can be applied to the image using the area analysis
functions, with a choice of either the entire area or a user-defined area of an image being
analysed.
With an image active, the area measurement dialog is invoked by selecting Analysis =>
Area Analysis => Measurement, with values for the projected area [PA] and the surface
area [SA] automatically calculated and displayed.
•

Projected area is defined as the x scan range multiplied by they scan range.

•

Surface area is defined as the calculated area including x, y, and z data.

Both areas can be calculated to include or exclude a user-defined area and areas {Figure
4.12).
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Figure 4.12
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Area Analysis

4.2.2.1 Examining surface area measurements as a means of measuring MCV
AFM images of blood films for which MCVs were available were levelled using first-order
levelling. By opening the area analysis option on the screen, a reading for surface area is
given and a projected area is then obtained by using the ‘scale and zoom ’ option on a
blank area of the background. Surface area measurements (1) and projected area
measurements (2) were obtained with the projected area being subtracted from the surface
area and then divided by the number of RBCs to give a calculated area per RBC. This
value was examined for any correlation with the MCV values. All images were from films
which had been air and alcohol fixed. Examples of results obtained are shown in Table 4.7:

Table 4.7
Blood
Sample

Image

MCV

size pm

(fl)

Macrocytosis

150

98

No. of RBCS in
WhoIe(W) Area or
Partial(P) Area

(1)

(2)

Calculated Area
pm^ per RBC=
(l-2)/No. of RBCs

23,397

22,500

6.8

P=12 RBCs

1,778

1,701

6.4

P=1 RBC

106.2

99

7.2

P=13 RBCs

2044

1962

6.3

P=6 RBCs

1,091

1,053

6.3

W=437 RBCs

25,081

22,500

5.9

P=3 RBCs

208.7

184

8.2

P=6 RBCs

373.8

333.2

6.7

P=3 RBCs

203.7

180

7.9

P=1 RBC

79.33

72.25

7.08

W=102 RBCs

10,636

10,000

6.2

P=6 RBCs

924

880

7.45

P=4 RBCs

674.6

650

6.1

P=4 RBCs

661.5

639

5.6

P=3 RBCs

376.5

360.8

5.23

P=1 RBC

79.18

72

7.18

W=131 RBCs

Surface Projected
Area pm^ Area pm^

Figure 3.31(a)

Microcytosis

150

70.7

Figure 3.31(b)

Macrocytosis

100

106

Figure 3.31(c)

Results of calculated areas for blood samples.
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•

As can be seen from Table 4.7, there is some correlation between the calculated area per
RBC and the MCV value. The calculated area per RBC is 5,9 pm^ for the microcytic
image while that of the macrocytic images were 6.8 and 6.2 pm for images m Figures
3.31(a) and 3.31(c), respectively.

•

For subsequent trials, a more accurate measurement would be the ‘correct’ projected
area i.e, actual background or ‘blank area’ measurement. Here ‘actual’ background area
is taken into account as opposed to a calculated background value (e.g. the projected
area values for the 150 pm images in Table 4.7 above were calculated by multiplying
150 pm X 150 pm to give 22,500 pm^).

•

Surface area ratio [SAR] per RBC would also be a more accurate value to compare
with the MCV, than the calculated area per RBC. SAR is calculated by dividing surface
area by surface area of the background and subsequently dividing by the number of
RBCs.
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For the next trial, SAR per RBC was calculated by dividing global surface area by surface
area [SA] of background and subsequently dividing by the number of RBCs in a 100 pm
image. Images (100 pm) were from films which had been air and alcohol fixed. Results
obtained using this criteria are shown in Table 4.8.

Table 4.8

Blood Sample

Microcytosis

Image

MCV
(fl)

4RBC2-1 70.7

No. of
RBCs

SAR per RBC
SAR per RBC
calculated using
calculated using
SA of background PA of background
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0.0048

0.0050

(overlap ++)
Normal

RBCE2

93.3

77

0.0138

0.0139

Normal

RBCE6

91.0

103

0.0106

0.0107

Macrocytosis

4RBC1-1

98

60

0.0170

0.0173

Macrocytosis

4RBC3-1

106

102

0.0102**

0.0104

(overlap +)
Results of calculated SAR per RBCfor blood films. *See Figure 4.13 for calculation.

•

For the above set of results, correlation between the SAR per RBC and MCV existed
apart from one sample i.e. macrocytic image 4RBC3-1. The degree of RBC overlap
may be an issue. Further analysis is necessary using the SAR per RBC parameter.

•

The age of the blood samples was not known.

•

Asa comparison study, the SAR for each RBC was calculated, using both the SA of the
background and PA i.e. assuming that the background was perfect. Values obtained
using PA of the background were only marginally higher than those calculated using
SA of the background. The surface area of the background was used as in principle it is
the more accurate figure.
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The initial trial involved calculating a calculated area per RBC which was calculated using
surface area and projected area measurements. However, it was decided that for subsequent
trials the ‘correct’ projected area would be used in the calculation, as the ‘actual’
background area is being taken into account as opposed to the projected area which
assumed that the background was perfect. SAR per RBC was calculated in the next trial.
With the exception of one sample, there was correlation for the samples (Table 4.8).
However, the degree of RBC overlap is an issue. There was close correlation between
SARs per RBC calculated using surface area of background and those calculated using
projected area of background. Sample age was not known.
Further analysis of blood films was necessary to examine for correlation of SAR per RBC
with MCV.
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Figure 4.13
(a)
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Clear
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SAR=Surface Area/Surface Area of the background
= 10,636/10,150=1.047
No. ofRBCs =102, therefore SAR per RBC=0.0102
Calculation of SAR per RBC, with area measurements for projected area and surface area,
for (a) whole area and (b) background being shown for image 4RBC3-1 (Figure 3.31(c)).
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4.2.2.2 Making several blood films from the same EDTA blood sample over a period
of time, imaging with the AFM and comparing SARs
Blood films were made on glass-slides using an EDTA sample at times 25 min, 45 min, 1 h
45 min, 2 h 15 min, 3 h 5 min and 3 h 15 min after taking the sample. Films were air-fixed
rapidly and then fixed in 96yo HPLC alcohol

+

4% HPLC grade H2O for 5 min. Films

were examined optically and imaged with the AFM. Values for SAR per RBC for the images
were calculated using the SA of the background in the calculation. Results are shown in
Table 4.9 and Graph 4.1:

Table 4.9

Time (min)
of making film
25 min
45 min
1 h 45 min
2 h 15 min
3 h 05 min

No. of images used SAR/RBC per
for calculation
image
4
0.0135,0.0136,
0.0131,0.0133
0.0124, 0.0117,
4
0.0122, 0.0155
0.0114, 0.0099
2
0.0143,0.0145,
3
0.0125
3
0.0132, 0.0131,
0.0122

3 h 15 min

2

Average SAR
per RBC
0.0134

0.0199, 0.0185

0.0130
0.0110
0.0138
0.0128
0.0192

Results of average SAR per RBC for a number of images, from blood films made using the
same sample.

•

Average SAR per RBC was relatively consistent for films made up to 3 h and 5 min
after taking of the sample, while the SAR per RBC increased by 67% for the film made
10 min later i.e. 3 h 15 min.

•

SAR variations between images taken at the same time were minimal.

•

Variations in SAR per RBC are due to natural RBC variations.
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Graph 4.1

Graph of Average SAR per RBC vs. Time

As there is slight variation in the average SAR per RBC, even in the first hour of making
the blood film, it was concluded that blood films should be made as soon as possible after
taking the sample to eliminate variation in films due to ageing.
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4.2.2.3 Examining the effect of image resolution on surface area measurements

This trial examines the effect on surface area measurements, when one uses different image
resolutions. A 130 jam x 130 /am, 500 x 500 resolution image from a previous trial was
chosen at random. The scale and zoom function was used to save the image at different
resolutions 400 x 400; 300 x 300; 200 x 200 (Figure 4.14). The surface area results are
shown in Table 4.10

Figure 4.14
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Edit

Buffefj

Di'jplay

t’rucB'JS

TopoMetrix SPMLab V3.06.06
Aiialyji'j SctUp Window Help

Image Ptocessing and Analysn

Lre$ Remaining

An active image of image RBCE34 which contains RBCs and latex particles, with the scale
and zoom dialog invoked, showing the resolutions which can he chosen.

Note: The more pixels the longer the image acquisition time. We need to keep the image

acquisition time as short as possible.
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Table 4.10
Image
Resolution
500
400
300
200

Surface Area (pm^)
17,509
17,431
17,420
17,409

Surface area measurements on an image performed at various resolutions.

•

Reducing the image resolution i.e. the number of pixels of the image slightly reduces
the measured surface area e.g. reduced by 0.57% on going from a resolution of 500 x
500 to a resolution of 200 x 200.

Changing the image resolution causes a slight reduction in measured surface area values.
As the image acquisition time increases with the number of pixels, an image resolution of
300 was selected as the best compromise.
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4.2.2.4 Imaging an area using different resolutions and comparing AFM images
obtained for any changes
AFM images were obtained by imaging the same area of the blood fdm using a different
resolution for each image i.e. 300 x 300, 400 x 400 and 500 x 500. The tip was not lifted
between images. The images were examined for any variations.

•

On observing the three images, it could be seen that there was a lateral drift in the yaxis of the images {Figure 4.15(a), (b), (c)). For example, if one observes the RBC on
the top left hand-side of Figure 4.15(a) as a landmark (see arrows) it can be seen that
there is a lateral drift in the image in going from (a) to (b) to (c), with the RBC at the
very top of the image in Figure 4.15(c). The drift rate was calculated to be 2.97% in 30
minutes or 0.129 pm per minute. Thus, one needs to be aware of drift occurring in the
images where one is imaging an exact area. The drift is believed to be due to
temperature variations.

•

Other than the drift and some minor imaging glitches, the images show good
repeatability. It can be concluded that contact AFM is non-destructive for these
samples.

Figure 4.15
(b)

(a)
130 ^lm

130 iJim

130 urn

B5 i^m

B5 (Jim

B5 Jim

0 urn

0 ^JLm

130 |jim

0 urn

0 titm

B5 tim

130 jjLm

0 urn

B5 iJim

130 pim

Top-view image of RBCs of (a) an EDTA fdm containing latex particles at a 1/100 dilution
imaged at a resolution of400 x 400, (b) an EDTA fdm containing latex particles at a 1/100
dilution imaged at a resolution of500 x 500, (c) an EDTA fdm containing latex particles at
a 1/100 dilution imaged at a resolution of300 x 300.
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Drift of the images is seen to occur, when one is imaging the same area of the blood film
but where the resolution was changed for each image. The tip was not lifted between
images. It can also be concluded from this trial that contact AFM is non-destructive.
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4.2.2.5 Examining whether there is variability in same region of blood film over two
days, by imaging and measuring area with the AFM on day 1 and day 2
An EDTA blood fdm was made on a glass-slide, air-fixed rapidly and fixed using 96yo
alcohol + 4% HPLC grade H2O. The film was examined under the optical microscope and
an area suitable for imaging marked with a marking lens. The film was initially imaged at
a resolution of 300 x 300. A resolution of 500 x 500 was then used to image the same
position, at various times over a two day period. The tip was lifted at the end of day 1, and
lowered onto sample at the start of day 2, ensuring that a similar position was used for
imaging. However, it was difficult to align images exactly and thus the ‘scale and zoom ’
function was used to locate the required identical image area. The same area of the film
was imaged over a period of two days (15 measurements) (Figure 4.16).

•

SAR per RBC was calculated as 0.0278 for image Figure 4.16(c) taken at the beginning
of the trial on day 1, while the SAR per RBC for image Figure 4.16(d) taken at the end
of the trial was 0.02802.

•

Note that many of the RBCs in these images were dome-shaped. This particular
investigation was carried out before the RBC immobilisation method was optimised.
Alcohol fixation was subsequently shown to cause the RBCs to swell into these domeshapes (See Section 3.2.5.3 Examining the issue of dome-shaped RBCs). Later work on
blood films fixed without alcohol and thus free of this shape artifact, were found to be
similarly stable.

S ARs per RBC were similar for images taken at the beginning of the trial on day 1, to those
taken at the end of the trial on day 2. Once a blood film is made and fixed, the film is stable
thus the SAR per RBC is stable.
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Figure 4.16
(a)

(b)
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(a) Top-view AFM image of RBCs of an EDTA film, imaged at resolution 500 x 500, at
beginning of trial, (b) Top-view image of RBCs of same EDTA film, imaged at resolution
500 X 500, at end of trial. Note: images shifted in x and y. (c) and (d) Scale and zoom
images into same region (a) and (b), respectively, which were used to calculate SAR per
RBC.
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4.2.2.6 Calculating SAR per RBC using images taken over a range of times from
various areas of an air-fixed EDTA blood film
Using the same EDTA blood sample six blood films were made using 4-5 fal aliquots on
polished glass-slides and fixed in air only. Films were examined under the optical
microscope and areas suitable for imaging were marked. Slides were cut to size using a
diamond scribe and imaged over a range of time using the AFM. The SAR per RBC was
calculated for each image. There was a slight degree of RBC overlap in the images. Results
are shown in Table 4.11

Table 4.11
Time of imaging
after making of film
1h
1.5 h
4 h 20 min
4.5 h
5 h 10 min
5 h 20 min

Slide

Image

1
1
4
5
6
6

RBCP32
RBCP34
RBCP45
RBCP46
RBCP49
RBCP50

SAR per
RBC
0.00679
0.00676
0.00642
0.00683
0.00682
0.00652

Results of SAR per RBC calculated from images taken of an air-fixed EDTA blood film,
which exhibited a little RBC overlap i.e. +

SAR per RBC for the above sample images were all very similar in value averaging at
0.0067 Images were taken over a range of times ranging from 1 h to 5 h 20 min using
films made at same time i.e. time 0 h, using same EDTA sample.
The time of imaging after making of blood film does not seem to have any major effect
on the SAR per RBC over the range of time used in the above trial.

SAR per RBC calculated from images of an air-fixed EDTA blood film imaged over a
range of times up to 5 h 20 min gave similar values.
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4.2.2.7 Examining whether SAR per RBC correlates with MCV
EDTA blood films were made using abnormal blood samples and air-fixed rapidly (Method
2.2.2). Films were imaged with the AFM and images were levelled using first order
levelling. SAR per RBC was then calculated using the SA of the background in the
calculation and the value examined for correlation with the MCV. Images were from films
which were air-fixed rapidly, except for image rbcaSO which was air-fixed on the bench.
Films were made within a few of hours of taking the sample at the hospital except for
images rbca42 and rbca47 which were from films made using one day old samples.

Table 4.12(a)

Microcytosis

MCV
(fl)
65.5

Microcytosis

63.8

Macrocytosis

106

Blood Sample

Image
rbca21
rbca22
rbca23
RbcM
1
rbca27
rbca28
rbca29
rbca30

Macrocytosis

116

Macrocytosis

119.8

rbca33
rbca36
rbca42

Microcytosis

118.4
71.4

rbca46
rbca47

SAR per RBC per
global image
0.01595
0.01409
0.01341
0.0123
0.01438
0.01379
0.01458
0.0128
*Air-fixed on bench
0.01603
0.01853
0.01277
*1 day old.
0.01108
0.0096 *1 day old,
crenation present.

Average SAR per
RBC per film
0.01448

0.0123
0.01425

0.0128
0.01728
0.01277
0.01108
0.0096

Results of correlation studies between MCV and SAR per RBC, when using a global image
for the calculation.

There did not appear to be a correlation of average SAR per RBC with MCV, when
SAR per RBC was calculated using the full global image {Table 4.12(a)). Hence, it was
decided to analyse RBCs individually.
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Single isolated RBCs (n^25) from images of microcytic (rbca21), normal (rbcalO) and
macrocytic (rbca27) blood films were analysed and SAR per RBC obtained for each. SAR
per RBC was calculated using the SA of the background in the calculation.

Table 4.12(b)
Blood Sample

MCV
(fl)

Image

Microcytosis
Normal
Macrocytosis

65.5
96.3
106.0

rbca21
rbca70
rbca27

Average SAR per
RBC using individual
RBCs for calculation
1.095
1.167
1.116

Average
surface area
per RBC (pm^)
82.59
96.74
104.41

Results of correlation studies between MCV and SAR per RBC when using individual RBCs
for the calculation. Surface area per RBC is also correlated.

SARs per RBC calculated using individual RBCs did not appear to show any
correlation with the MCV values (Table 4.12(b)).
Average surface area per RBC (pm^) appears to show correlation with the MCV value
(Table 4.12(b)).
On examining the background surface area of all three images, which was used in the
SAR calculation, it was found that the roughness (measured as area Ra) for an 8.25 pm
image was 13.09 nm for the microcytic image, 7.79 nm for the normal image and 14.60
nm for the macrocytic image. On examining the three-dimensional images, it could also
be seen that there was variation in the background surface (Figure 4.17). Hence, it was
concluded that surface area of the RBC could be used as a parameter to correlate with
the RBC while SAR was unsatisfactory to use due to variations in the background
surface roughness of the sample.
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Figure 4.17
(a)

(b)
Microcytic background
Image ibca21
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Macrocytic background
Image ibca27

(C)

77.95 nm
8.25 nm

8.25 nm
4.12 nm

0 nm

Three-dimensional images of the background surface of (a) a microcytic sample (Image
rhca21), (b) a normal sample (Image rhea70) and (c) a macrocytic sample (Image rhca27).

There did not appear to be any correlation between the SAR per RBC value and the MCV
value of the blood sample. This was due to variations in the background surface roughness
which was used in the SAR calculation. Correlation did exist between the average surface
area of the RBC and the MCV value of the sample.
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4.2.2.8 Stability trial on a sample image area, imaged at day 1 and day 2.5
A blood film was made using an EDTA sample FBO15051 (MCV 85.5 fl) on day 1. It was
imaged on day 1 (image rbcal89) and day 2.5 (image rbcal90) in same area offilm. The
tip position had to be moved slightly on day 2.5 to find the same area as there was some
thermal drift. Scale and zoom was performed on these images (100 jum x 100 jam) to obtain
an 80 pm x 80 pm area which were slightly closer in area position of the image to each
other. These images were levelled using 3-point levelling and surface areas for each image
obtained. Results are shown in Table 4.13, Figure 4.18

Table 4.13
Day

Image

Surface area (pm^)

1
2.5

rbcal89
rbcal90

6956
6991

Surface area measurements of a similar 80 pm x 80 pm area of two images, imaged on day
I and day 2.5 for a stability trial.

Figure 4.18
(b)

(a)
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(a) AFM image rbcal89 (80 pm x 80 pm) imaged on day 1 and (b) AFM image rbcal90
(80 pm X 80 pm) imaged on day 2. The same area of the film was imaged (100pm xlOOpm)
with an 80 pm x 80 pm area being zoomed in on in the image to obtain a similar area
position for each of the images.
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•

Although, both 80 |j,m x 80 |j.m areas of the two images, imaged on day 1 and day 2.5
were similar, there was very slight differences around the periphery of the image as the
exact re-location of the sample is difficult.

•

Images were levelled as close as possible to each other. It is difficult to level them
exactly the same as each other due to the issue of finding the exact re-location area.

•

Surface area values for image rbcal89 imaged on day 1 and image rbcalOO imaged on
day 2.5 were 6,956 pm^ and 6,991 pm^, respectively, which were in close agreement
given that images are not exactly the same.

Surface area measurements of an exact area of an EDTA film, imaged on day 1 and day 2.5
were similar in value, indicating that an air-fixed EDTA blood film is stable from day 1 to
day 2.5
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Discussion of trial 4.2.2
Initially, a calculated area per RBC was calculated using surface area and projected area
measurements. It was decided that the ‘correet’ projected area would be used in the
calculation as the ‘actual’ background area is being taken into account. SAR per RBC was
calculated in the next trial and with the exception of one sample, there was correlation for
samples (Table 4.8). It was concluded that blood films should be made as soon as possible
after taking the sample to eliminate variation in films due to ageing.
As image acquisition time increases with the number of pixels, an image resolution of 300
was selected as the best compromise. When one images the same area of the blood film but
changes the resolution for each image, drift of the images is seen to oceur,. It can also be
eoncluded also from this trial that contaet AFM is non-destructive.
Once a blood film is made and fixed, the film is stable thus the SAR per RBC is stable.
Variations in the background surface roughness whieh was used in the SAR caleulation did
not allow correlation between the SAR per RBC value and the MCV value of the blood
sample. However, correlation did exist between the average surfaee area of the RBC and
the MCV value of the sample.
An air-fixed EDTA blood film was also found to give similar surface area measurements
from day 1 to day 2.5 indieating stability of the blood film.
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4.2.3 Examining particle analysis functions in the TopoMetrix software as a means of
measuring MCV
This function allows particle parameters to be eharacterised by overall volume, particle
count and individual particle characteristics (area, perimeter, average height, etc.). Graphs
can be generated and analysed for particle volume, area, perimeter and lateral spacing. The
particle analysis dialog is invoked when an image is active, by selecting Analysis =>
Particle analysis.
Particles within the image are defined by setting the Z threshold (range) and smallest
particle size to be counted in the analysis.
•

Threshold: The upper and lower limits of the Z threshold are defined and as a result the
selected data range will be highlighted on the colour bar and on the corresponding data
in the image. The highlighted range on the colour bar can also be moved, and the
corresponding change in highlighted data on the image monitored. The upper or lower
boundary of the highlighted portion of the range can also be expanded or contracted.

•

Minimum particle size: This can be specified in the smallest particle field, once the
threshold has been established. A default value is calculated, or a value in the custom
field can be defined. Only particles larger than this value will be counted in the
analysis.

•

Finding particles: The total number of particles in the entire image or within a defined
rectangle (that lie within the previously defined parameters) can be analysed.
Resolution is optimised for the volume histogram when the bin value {number of bins
or categories used to define the different levels of particle volume) is closer to the
number of particles counted (displayed in the particles found field). The volume
histogram reflects immediately changes in the number of bins.
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•

Single particle analysis: Characteristics of a single particle which include volume, area,
perimeter and height can also be determined.

An example of a particle analysis window is shown in Figure 4.19
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4.2.3.1 Performing particle analysis on normal and abnormal EDTA blood films

Particle analysis was performed on both normal and abnormal blood films in the next set of
trials, in an attempt to find a parameter which would correlate with MCV.
Initially, EDTA blood films of microcytic and macrocytic samples (two extremes of the
MCV scale) which were air-fixed only by wavin2 rapidly in air, were imaged a number of
times and images levelled. Particle analysis was then performed by thresholding the entire
image, with the threshold chosen at that when most of the RBCs were just’ filled-in and a
volume value obtained. However, for microcytic images, particle analysis was performed
on four separate quadrants by scale and zoom. There was a large central depression
present in the microcytic RBCs, by comparison with the normal and macrocytic samples
and it was found that it was not possible to level the entire image at one time. Thus,
quadrants were levelled, volumes added and total volume divided by the number of RBCs.
An average volume per RBC was calculated for each series of images. This volume was
given the title IMCV [immobilised mean cell volume] and as RBCs on dried blood films are
0.6 pm thick, having lost about two-thirds of their normal thickness (Bessis, 1973); IMCV
results were compared with the MCV (Table 4.14(a)). The unit for volume used in the
SPMLab (Release 3.06) software is pm\ However, as 1 pm^ = 1 femtolitre (fi) and as
femtolitres is the unit used in the hospital, femtolitres will be used in this work to avoid
confusion.

Table 4.14(a)
Blood sample
Microcytic
Macrocytic

MCV (fl)
65.5
106

IMCV (fl)
15.94
33.18

Comparing MCV and IMCV values of images from abnormal EDTA blood films which
were air-fixed rapidly.
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•

From the above Table 4.14(a) there appeared to be a correlation between MCV and
volume obtained by particle analysis i.e. IMCV.

The trial was repeated using microcytic and macrocytic films which were air-fixed on the
bench (Table 4.14(b)).

Table 4.14(b)
Blood sample MCV (fl)
65.5
Microcytic
106
Macrocytic

IMCV (fl)
14.64
34.09

Comparing MCV and IMCV values of images from abnormal EDTA blood films which
were air-fixed on the bench.

•

There was correlation between MCV and IMCV in the above Table 4.14(b).

Films which were air-fixed rapidly and films which were air-fixed on the bench appeared
to show correlation between MCV and IMCV values. However, for future trials it was
decided to use blood films which were air-fixed rapidly as immediate drying of the film
may eliminate or decrease any drying artifacts.
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Particle analysis was performed on global AFM images of both normal and abnormal
EDTA blood fdms which were air-fixed rapidly. IMCV was calculated and results are
shown in Table 4.15 and Graph 4.2

Table 4.15

Blood sample MCV (fl) IMCV (fl)
FB337463
92.4
26.54
647
63.8
10.8
345410
346355
346002
346324
FB350010
FB350009
FB350011
FB350018
FB350019
FB350020
FB351533
FB351530
FB3515
FB3515
FB3515

87.2
88.6
96.3
92.0
88.9
86.3
90.9
87.2
94.0
85.9
105.1
73.9
75.1
77.1
104.2

24.32
27.63
30.32
35.96
31.25
26.18
25.93
29.07
27.71
27.79
32.14
24.38
22.20
18.13
36.31

RBC Morphology Image comment
Some crenation
Spherocytes
Debris a
Microcytes
possibility
Some crenation
Tear-drop
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Macrocytes
Some crenation
Microcytes
Some crenation
Microcytes
WBCs present
Microcytes
Macrocytes

Results of a comparison study of IMCV obtained by particle analysis with MCV for a
range of samples.
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Graph 4.2

Graph oflMCVvs. MCV

•

There was a reasonable correlation between MCV and IMCV results, with only the
occasional exception. For future trials, it was decided that sample images which
contained overlapping RBCs, crenated RBCs or WBCs would not be used for the
calculations.

•

All of the samples were taken in hospital wards and there is uncertainty as to the time
scale between taking the blood sample and making the blood film. Blood films were
made by the haematology laboratory for the first 6 samples i.e. to sample 346324, but it
is not known whether the films were air-fixed rapidly. It was impossible to tell the
exact age of the samples FB350010 to FB351582. Thus, blood films were made using
supposedly fresh EDTA blood samples and MCV values obtained from the hospitals
TechniconHl analyser.

233

It was decided to make blood fdms of the EDTA samples as soon as they were analysed, as
one would only then have confidence to compare the automated hospital MCV values with
the calculated AFMIMCV values. A series of normal EDTA blood samples were used for
this trial. IMCV was calculated using a global image. Results are shown in Table 4.16.

Table 4.16
Blood Sample

MCV (fl)

FB008006
FB008007
FB008009
FB008016
FB008020
FB008021

84.5
88.3
75.6
94.1
90.6
73.7

IMCV

({[)

25.30
29.23
26.12
32.92
29.66
25.21

Results of comparison study of IMCV obtained by particle analysis with MCV for normal
samples.

A graph of IMCV versus MCV was drawn to determine whether there was a correlation of
results (Graph 4.3).

Graph 4.3
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•

General correlation of results of IMCV versus MCV in the Graph 4.3 could be seen but
there is a need to examine the uncertainties in the technique e.g. error bars in
thresholding, error bars in different images, stability trial. One must also remember that
there are uncertainties in the MCV values due to hospital practice.

•

A global IMCV was used whereby the threshold chosen was that at which most of the
RBCs were just filled in. As a few RBCS will be under measured there is an inherent
error in the technique.

There is a general correlation of IMCV versus MCV values but there are uncertainties in
the IMCV measurement technique. Furthermore, variations involved in the technique need
to be examined.
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Discussion of trial 4.2.3.1
EDTA blood films which are air-fixed rapidly will be the film of choice for future particle
analysis studies. There was correlation between MCV and IMCV of films air-fixed rapidly
and films air-fixed on the bench. However, rapid air-drying may eliminate possible drying
artifacts of the film.
Only AFM images which contained individual RBCs which were not crenated would be
used in the calculations. To compare accurately the AFM IMCV value with the automated
MCV value, blood films were made immediately after the EDTA samples were analysed.
A general correlation of both sets of values was obtained. However, uncertainties in the
IMCV measurement technique need to be addressed.
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4.2.3.2 Examining the uncertainty in globally thresholding same image

An image was chosen at random from the various images to date (image rbcalll). The
image was planar-levelled and thresholded a number of times over Day 0, Day 1 and again
on Day 14. The threshold chosen was such that most of the RBCs were just ’ fdled-in. The
image was thesholded over a time sequence to examine if errors occur when thresholding
the same image. Results are shown in Table 4.17

Table 4.17
Time

Threshold (nm)

Day 0
9.40am
9.45am
9.50am
9.55am

(X-1900.66)
851.08
841.11
861.96
809.39

10.00am
10.05am
Day 1
3.29pm

799.42
820.27

Day 14
3.00pm
3.05pm
3.10pm
3.15pm
3.20pm

821.17
842.02
810.3
842.02
(X-1908.82)
917.25
917.25
886.43
928.12
917.25

Volume (fl)

No. of Bins

1653.1
1682.2
1617.1
1739.9
1791.8
1787.7
1787.7
1787.7
1787.7
1828.1
1756.5

4
4
4
4
4
8
10
12
14
4
4

1753.1
1683.1
1789.9
1683.1

4

1435.1
1435.1
1534.8
1397.8
1435.1

4
4
4
4
4

Results of volume measurements obtained in examining the uncertainty when globally
thresholding same image.
Standard deviation was calculated on volume: n = 20; Mean ± 2 Std dev. = 1671.23 ±
283.16 Threshold range is too wide.
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Discussion of trial 4.2.3.2
It was found that globally thresholding the same image over time, gave a range of volume
values which were too wide. The thresholding technique is very subjective and thus
introduces an uncertainty into the measurement technique.
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4.2.3.3 Examining the uncertainty in measuring immobilised mean cell volume
[IMCV] of different images from same sample
An EDTA sample (FBOl5051) was chosen after being analysed by the Technicon HI
analyser and blood fdms were made approximately one hour later. One of the fdms was
imaged with the AFM 50 times (MCV 85.5 fl). Results are shown in Table 4.18 (a) for n =
33 images where overlap is graded as slight or +, Table 4.18 (b) for n = 17 images where
overlap is graded (35 ++ or + + + and Figure 4.20

Table 4.18
(a)
Image

IMCV (fl)

rbcal48
27.91
rbcal49
25.35
rbcal5()
20.81
rbcal53
.22.47
rbcal54
.25.49
rbcal55
27.71
rbcal56
24.48
rbcal57
26.80
rbcal58
21.30
rbcal59
29.91
rbcalbO
22.37
rbcalbl
28.84
rbcal62
22.15
rbcal63
22.40
rbcal64
30.84
rbcal66
23.06
rbcal 67
31.44
rbcal68
23.30
rbcal 69
24.44
rbcal70
22.73
rbcal 72
28.45
rbcal73
22.33
rbcal84
25.10
rbcal85
25.04
rbcal89
19.08
rbcal 90
26.14
rbcal 91
20.95
rbcal92
25.72
rbcal93
26.77
rbcal94
33.83
rbcal95
31.79
rbcal96
28.43
rbcal97__ ____ 29.71
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Overlap
(slight, +)
+
+
slight
slight
slight

.

+
+
+
+
+
4partial image +
slight
slight
partial image +
slight
slight
slight
slight
slight
slight
slight

+
slight
slight
slight
slight
slight
slight

+
+
+
+

(b)

Image

IMCV (fl)

Overlap
(++, +++)

rbcal51
rbcal52
rbcal65
rbcal71
rbcal74
rbcal75
rbcal76
rbcal77
rbcal78
rbcal79
rhea180
rbcal81
rbcal82
rbcal83
rbcal86
rbcal87
rbcal88

21.73
26.63
29.82
31.95
29.22
26.91
26.25
30.66
24.82
29.93
32.03
29.22
28.10
26.90
25.33
29.03
26.14

++
+++
partial image ++
partial image +++
partial image +++
++

++
partial image +++
+++
+++
+++
+++
+++

++
++
++

Results of calculated IMCVs of n = 50 images of same EDTA blood fdm (MCV 85.5 fl) with
Table 4.18 (a) for n - 33 images where overlap is graded as slight or +, while Table 4.18
(b) shows n - 17 images where overlap is graded as ++ or + + +.

•

When the film was imaged 50 times with the AFM, an overall standard deviation for all
50 images was calculated. AFM images of the RBCs in these images would have had
varying degrees of overlap of the RBCs with the overlap graded as slight, +, ++ and
+++. The mean ± 3 standard deviations is 26.43 ± 10.35 fl with a coefficient of
variation [CV] = 13% (Table 4.18, Figure 4.20 (a)).

•

Using the same set of images but with n = 33 images where the overlap of the RBCs
was graded as slight and +, the mean ± 3 standard deviations is 25.67 ± 10.75 fl with a
CV = 13.9% (Table 4.18(a), Figure 4.20 (b)).

•

Using the same set of images but with n = 17 images where overlap of RBCs graded
was graded as ++ and +++, the mean ± 3 standard deviations is 27.92 ± 8.12 fl with a
CV = 9.7% (Table 4.18 (b)).
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Figure 4.20
(a)

(a) Histogram offrequency vs. IMCV for a series of 50 images, of blood films made using
same EDTA sample. Images of RBCs showed RBCs to have overlap ranging from slight to
+ + +, (b) Histogram offrequency V5. IMCVfor 33 images, of blood films made using same
EDTA sample as (a). Images of RBCs showed RBCs to have only slight overlap.

On measuring IMCV of different images from the same EDTA sample, the IMCV was
found to increase in value as the RBC overlap increased. This indicates that there is trapped
volume associated with overlapping RBCs.
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A graph of IMCV versus the number of RBCs was plotted to determine the number of RBCs
needed for a statistically valid analysis. AFM images of RBCs with only a slight overlap
were chosen for analysis as individual RBC volumes need to be measured. Images
rbcal53, rbcal54, rbcal62, rbcal63, rbcal66, rbcal67, rbcal68, rbcal69 were used (See
Table 4.18 (a)). Individual RBCs were zoomed in on, thresholded until they were 'just’
fdled in and their volume obtained. The IMCV for the first 10 RBCs was calculated, then
the IMCVfor the first 20 RBCs was calculated and so on in steps of 10 up to 200. This is
the cumulative IMCV and it is plotted against the number of RBCs and compared with the
cumulative mean ±SD. See Graph 4.4

Graph 4.4

A graph of IMCV versus the No. of RBCs
As can be seen from Graph 4.4, the IMCV begins to level off after approximately 40
RBC measurements with a trend beginning at as low as 40 RBC measurements. From
this we can deduce that 50 RBCs appears to be sufficient to measure IMCV. Note that
the standard deviation stays quite constant after 50 RBCs indicating that it is reflecting
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the natural distribution in size of the RBCs rather than the sampling measurement
statisties.

Discussion of trial 4.2.3.3
As the incidence of RBC overlap increased in the images, IMCV was found to increase in
value indicating trapped volume.
It was deduced from a graph of cumulative IMCV versus the number of RBCs, that 50
individual RBC values for ICV were sufficient to measure in a blood film as the standard
deviation remained relatively constant after 50 RBC measurements.
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4.2.3.4 Examining the effect of overlapping RBCs on the IMCV
The distribution of RBC overlap is variable in a blood film with RBCs being most dense at
the beginning of the film. The optical microscope can be used to mark areas in the blood
film which have little or no overlap of RBCs.
To examine the effect of overlap on the IMCV, volumes of individual RBCs were measured
for AFM images which had very little RBC overlap and AFM images which had a lot of
RBC overlap and compared (See IMCV 1 in Table 4.19(a), Graph 4.5 and Table 4.19(b),
Graph 4.6, respectively). AFM images used for this trial were those from a reproducibility
trial where several images were made using EDTA sample FB015051, MCV 85.5 fl
(Section 4.2.3.3). Volume measurements for RBCs performed usin2 a

2lobal

imase. i.e.

thresholding entire image, were also measured (See IMCV 2 in Table 4.19(a)), Graph 4.5
and Table 4.19(b), Graph 4.6, respectively).

Table 4.19(a)
Overlap
Slight

Image
rbcal53
rbcal54
rbcal62
rbcal63
rbcal66
rbcal67
rbcal68
rbcal69

IMCV 1 (fl)

IMCV 2 (fl)

(individual RBCs)

(global image)

21.88
25.45
21.03
21.47
25.15
28.23
27.26
25.47

22.47
25.49
22.15
22.40
23.06
31.44
23.30
24.47

IMCVfor AFM images of a blood fdm which had only slight overlap of the RBCs. IMCV 1
was the average cell volume obtained, when the volumes of individual RBCs were
measured, while IMCV 2 was the average cell volume, obtained using a global image to
obtain the volume measurement. Overall IMCV 1 = 24.49fl. Overall IMCV 2 = 24.35 fl, n
=

8
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Graph 4.5

A graph of IMCV 1 (individual RBCs) and IMCV 2 (global image) i.e. Table 4.19(a), for
AFM images of a blood fdm which had only a slight overlap of the RBCs.

Table 4.19(b)
Overlap

Image

rbcal52
rbcal78
rbcal79
rbcalSO
rbcalSl
rbcal71
rbcal74
rbcal77

IMCV 1 (fl)

IMCV 2 (fl)

(individual RBCs)

(global image)

26.4
27.7
24.86
26.2
25.15
23.2
20.6
20.9

26.63
24.82
29.93
32.03
29.22
31.95
29.22
30.66

IMCVfor AFM images of a blood fdm which had overlap + + +0/ the RBCs. IMCV 1 was
the average cell volume obtained, when the volumes of individual RBCs were measured,
while IMCV 2 was the average cell volume, obtained using a global image. Overall IMCV
1 = 24.37fl. Overall IMCV2 = 29.31 fl, n8
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Graph 4.6

A graph of IMCV / (individual RBCs) and IMCV 2 (global image) i.e. Table 4.19(b), for
images of a blood fdm which had an overlap of + + + of the RBCs.

•

For individual RBC volume measurements, i.e. thresholding each RBC individually,
the IMCV 1 for RBCs in the slightly overlapping image (Table 4.19(a), Graph 4.4)
versus IMCV 1 for RBCs in the overlapping +++ image (Table 4.19(b), Graph 4.5)
were similar, with average IMCV I values being close in value i.e. 24.49 fl and 24.37
fl, respectively.

•

IMCV 1 and IMCV 2 values for images with only a slight overlap were close in value
with mean values being very similar i.e. 24.49 fl and 24.35 fl, respectively (Graph 4.5).

•

It was not possible to accurately measure volumes of many RBCs in the overlapping
+++ images as there were very few isolated individual RBCs. Average mean values for
IMCVl and IMCV2 were 24.37 fl and 29.31 fl, respectively (Graph 4.6).

•

For the images where there was only a slight overlap of RBCs, it was not possible to
measure the volume of all individual RBCs, as RBCs begin to join up, as the threshold
is lowered.
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Discussion of trial 4.2.3.4
IMCV measurements calculated using isolated individual RBCs i.e. IMCV 1 are a more
accurate measurement than those calculated using the global image i.e. IMCV 2.
IMCV measurements obtained using images where there was a slight overlap of RBCs and
those where there was overlap +++ were found to give a similar value for LMCV 1.
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4.2.3.5 Measuring individual RBC volumes
The volumes of individual RBCs were measured using two methods as follows: (1) RBC
was chosen from main image, zoomed into, and using highest image pixelation,
thresholded and volume obtained, (2) RBC chosen from main image was thresholded and
volume obtained. Both a macrocytic and a microcytic image were analysed (Table 4.20,
Graph 4.7 and Table 4.21, Graph 4.8, respectively).

Table 4.20
Macrocytic image rbca206 (MCV109.7 fl)
RBC

‘Zoomed’ individual
volume (fl)

Volume from full
image (fl)

rbc36
rbc4l
rbcl
rbc42
rbc26
rbc29
I be 13
rbelO
rbc32
rbcl 4
rbcl 8
rbc7
rbc9
rbc46
rbcl 1
rbc4
rbc40
rbc3
rbcl 2
rbcl 6
rbc22
rbc27
rbc8
rbc28
rbc44
rbc2
rbc45
rbcl 9

29.3
31.()
9.7
32.8
29.3
19.8
17.5
15.4
35.1
19.7
20.5
16.1
19.9
32.5
13.2
13.4
25.0
14.1
16.5
15.8
31.0
28.9
10.1
19.6
32.5
23.9
24.7
17.8
IMCV = 21.99 n

29.9
28.0
10.1
30.4
32.0
18.5
16.5
14.4
34.7
19.9
21.5
16.2
19.9
30.7
15.3
13.5
23.0
14.0
16.9
18.1
30.4
29.5
9.6
22.6
28.9
15.9
24.1
19.9
IMCV = 21.58 n

Results of volumes for individual RBCs of a macrocytic image (rbca206) (MCV 109.7 fl),
obtained both by using the ‘zoomed’ individual volume and by obtaining the volume from
the full image to give average values for IMCV = 21.99 fl and IMCV = 21.58 fl,
respectively.
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Table 4.21
Microcytic image rbca225 (MCV 73.7fl)
RBC

‘2^omed’ individual
volume (fl)

Volume from full
image (fl)

rbc29
rbc5
rbc43
rbcl8
rbcl7
rbc26
rbc24
rbc30
rbcl9
rbc40
rbc20
rbc27
rbc42
rbc8
rbc9
rbc22
rbc46
rbcl2
rbc37
rbc41
rbc3
rbcl 5
rbc2
rbc7
rbcl 1
rbc47
rbc29
rbc48
rbc32
rbc6
rbc35

22.8
12.7
26.5
22.3
21.9
18
20
23.5
20.9
28.4
16.6
27.7
25.5
10.4
12.7
10.8
25.0
19.6
30.4
21.4
13.4
26.4
18.6
8.4
18
22.9
27.8
18.8
25.4
8.9
22.6
IMCV = 20.34 n

21
12.3
23.4
21.6
22.3
20.1
21.4
22.5
21.2
26.6
17
28.7
23.7
12
14.3
12.1
24.4
20.6
27.7
19.9
13.4
27.7
20.8
12
19.3
21.7
21
17.9
25.7
10
22.9
IMCV = 20.17 n

Results of volumes for individual RBCs of a microcytic image (rbca225) (MCV 73.7 fl),
obtained both by using the ‘zoomed’ individual volume and by obtaining the volume from
the full image to give average values for IMCV = 20.34 fl and IMCV = 20.17 fl,
respectively.
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Graph 4.7

A graph of volumes for individual RBCs of a macrocytic fdm (image rhca206) (MCV 109.7
Jl), obtained both by using the ‘zoomed’ individual volume (IMCV - 21.99 fl) and by
obtaining the volume from the full image (IMCV = 21.58 fl) (Table 4.20).

Graph 4.8

A graph of volumes for individual RBCs of a microcytic film (image rbca225) (MCV 73.7
fl), obtained both by using the ‘zoomed’ individual volume (IMCV = 20.34 fl) and by
obtaining the volume from the full image (IMCV -20.17 fl) (Table 4.21).
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•

IMCVs for images of both the macrocytic and microcytic blood films obtained using
both methods were very similar in value. Thus, either method could be used once the
same method is used throughout the trial.

Discussion of trial 4.2.3.5
Measuring individual RBC volumes by either ‘zooming in’ on an individual RBC and
thresholding or thresholding the RBC from a full image gave IMCV values which were
very similar in value for both microcytic and macrocytic blood films.
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4.2.3.6 Effects of a time-delay making a blood film on the IMCV
As was already seen in Section 3.2.4.3 (Effects of a time delay in the making of the blood
film on RBC morphology and RBC indices), both microcytic {Figure 3.28(e)) and
macrocytic {Figure 3.28(a)) blood films had doughnut-shaped RBCs in blood films which
were made soon after the taking of the blood sample. However, a time delay in the making
of the blood film caused RBCs in the macrocytic film to become swollen {Figure 3.28(b)),
while those in the microcytic film {Figure 3.28(c), (d)) remained doughnut-shaped with an
occasional crenated RBC.

It was decided to investigate whether there was a difference in IMCV between an EDTA
macrocytic fdm made after FBC analysis and air-fixed rapidly, and a film made a few
hours later and then air-fixed where the RBCs have ‘swelled’from the doughnut shape.

Table 4.22
Sample

MCV (H)

Sample age

Fixation

IMCV (fl)

Description of
RBCs

Macrocytic
(Image rbcaS 1)

106

?few hours

Air-fix on bench

35.22

Air-fix rapidly

33.73

Doughnut shape +
occasional swollen
RBC
Doughnut+swollen
shaped RBCs
Doughnut
shaped.
Doughnut+swollen
shaped RBCs

Macrocytic
(Image rbca28)
Macrocytic
(Image rbca46)
Macrocytic
(Image rbca43)

118.4

Fresh

Air-fix rapidly

41.34

119.8

1 day old

Air-fix rapidly

31.80

IMCVs were obtained on two macrocytic blood samples, which had films air-fixed by
resting on the bench and also by air-fixing rapidly. The films were made on the day the
samples were taken. A film was also made for the second sample on the following day.
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•

On examining the above IMCV values for both macrocytic samples, one has to
consider the age of the sample. The macrocytic sample with an MCV of 106 fl, was a
few hours old and the film showed a mixture of both doughnut and swollen RBCs, for
both films which were air-fixed on the bench and air-fixed rapidly. It was not possible
to draw a conclusion, from these results.

•

However, for the second sample which was fresh, films which were made and air-fixed
rapidly were found to have doughnut-shaped RBCs, while films made the following
day using the same sample had a mixture of both doughnut and swollen shaped RBCs.
Interestingly, the IMCV value was greater for the fresh doughnut-shaped RBC film,
versus the one day old sample film which contained more swollen shaped RBCs. The
MCV was slightly greater in the one day old sample, versus the fresh sample.

Discussion of trial 4.2.3.6
It was concluded that for standardisation purposes, blood films should be made and airfixed rapidly as soon as the blood sample is taken.
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4.2.3.7 Problems with thresholding

In all of the above trials using particle analysis, thresholding of the RBCs has been used to
obtain the RBC volume values. Thresholding the RBCs was found to be a very subjective
exercise depending on threshold selection level, which determined the volume value
obtained for the RBC. An attempt was made to standardise the procedure by deciding on a
particular point where the threshold value was chosen and using these guidelines for the
series of trials. The pixelation value of the image also influenced the volume value
obtained. It was found that as the threshold was lowered, the RBCs began to join up due to
a ‘bleeding’ effect. Thus, one was unable to obtain the volume of some RBCs, due to
joining of the RBCs (Figure 4.21).

Figure 4.21
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This technique for thresholding the RBCs was abandoned in favour of a method whereby
four values were obtained for the height of the base edge of the RBC. These values were
averaged to give a value which was used as the threshold value. The RBC was thresholded
using this value and the volume value was subsequently obtained. This was deemed to be a
more standardised approach to thresholding. This method was used in Section 4.2.3.8.
To examine the standard deviation of this method, a RBC was chosen at random from an
image (image rbcal63, RBC 36) and thresholded 10 times. An average value of 34.60 fl
with a standard deviation of 0.25 fl and a coefficient of variation of 0.72% was obtained.
This implies that one can have confidence in this method.

Discussion of trial 4.2.3.7
It was concluded that thresholding RBCs using a value calculated from an average of four
height values taken at the base edge of the RBC was a more standardised approach to
thresholding.
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4.2.3.8 Measuring volume, height, width and surface area of individual RBCs of both
normal and abnormal blood films
Both normal and abnormal i.e. microcytic and macrocytic blood fdms were imaged a series
of times. Individual RBC volumes were obtained by initially planar (horizontal) levelling
the entire image and then zooming in on 100 individual discrete RBCs. Line analysis was
performed on the individual RBCs and four values obtained for the height of the base ed2e
of the RBC (i.e. line analysis x 2). These four values were averaged to give a threshold
value which was used to threshold the RBC. The RBC was further narrowed in upon using
‘partial image’ and the subsequent volume taken. IMCV values were calculated and
compared with global IMCV values (old method as in Section 4.2.3.1) in Table 4.23.

Table 4.23
Blood Film

MCV (B)

IMCV (fl)

Microcytic
Normal
Macrocytic

73.7
85.5
109.7

30.87 ±5.05
35.27 ±4.71
42.47 ±5.30

No. of RBCs Histogram Global IMCV (fl)
(Old method)
Fig. 4.22(a)
100
20.37 ± 4.45
Fig. 4.22(b)
100
25.63 ± 5.04
Fig. 4.22(c)
100
27.43 ± 2.45

Results of MCV and IMCVs for both normal and abnormal EDTA blood films.
•

Correlation of MCV with IMCV for all three blood films i.e. normal, microcytic and
macrocytic was satisfactory as shown in Table 4.23. Histograms of frequency versus
ICV (Immobilised Cell Volume) also showed a satisfactory trend, as shown in Figure
4.22(a),(b),(c).

•

IMCV (new method) was compared with the global IMCV (old method) in Table 4.23.
Global IMCV values were approximately two-thirds lower than the IMCV (new
method) values. While there was a correlation of each set of results with the MCV, the
new method for calculating the IMCV was seen as more accurate. Thus, the global
IMCV will not be discussed further.
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Figure 4.22
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Histograms offrequency vs. ICV (n = 100 RBCs) for (a) a microcytic blood fdm (MCV
73.7 fl), (b) a normal blood fdm (MCV = 85.5 fl), (c) a macrocytic blood film (MCV
109.7fl).
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A graph of IMCV versus MCV for all three blood films was also plotted (Figure 4.26(a))
Height, width and surface area measurements of the 100 RBCs for each of the blood films
was also performed with the average height of each RBC being calculated from four
measurements i.e. line analysis x 2 (e.g. horizontal, vertical or variable), and the average
width being calculated from two measurements i.e. line analysis x 2. Histograms of
frequency versus height, width and surface area were plotted for each (Figure 4.23, 4.24,
4.25). Graphs of height versus MCV, width versus MCV and surface area versus MCV for
all three types of blood films are shown in Figure 4.26(b),(c),(d).
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Figure 4.23
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109.7 fl).
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Figure 4.24
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Figure 4.25
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Histograms offrequency vs. surface area (n = 100 RBCs) for (a) a microcytic blood fdm
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(MCV= 109.7 fl).
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From the histograms of frequency versus height, width and surface area {Figure 4.23, 4.24,
4.25 respectively) it could be seen that while there was a difference between microcytic,
normal and macrocytic, the difference was more obvious in the histogram of frequency
versus ICV {Figure 4.22). Graphs of the three blood films for 100 RBCs with IMCV,
average height, average width and average surface area plotted against MCV showed
IMCV to give the best straight line graph, with good division between all three types of
blood film {Figure 4.26).

Figure 4.26
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(a) IMCV of RBCs (n=l00) for microcytic, normal and
macrocytic blood films vs. MCV

(b) Average height of RBCs (n=100) for microcytic, normal
and macrocytic blood films vs. MCV

(c) Average width of RBCs (n= 100) for microcytic, normal and
macrocytic blood films vs. MCV

(d) Average surface area of RBCs (n=100) for microcytic,
normal and macrocytic blood films vs. MCV

Graphs of microcytic (MCV = 72.7 fl), normal (MCV = 85.5 fl) and macrocytic (MCV =
109.7 fl) blood fdms for 100 RBCs of (a) IMCV vs. MCV, (b) average height vs. MCV, (c)
average width vs. MCV and (d) average surface area vs. MCV.

262

Histograms of frequency versus ICV for microcytic, normal and macrocytic blood films
were next examined for possible trends for n = 25, 50 and 75 RBCs, respectively. This
would enable one to establish a suitable value for n (i.e. the number of RBCs to analyse)
(Figures 4.27, 4.28, 4.29).
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Figure 4.27
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Histograms offrequency vs. ICV with n ^ 25 RBCs for (a) a microcytic blood film (MCV
73.7 fl), (b) a normal blood film (MCV - 85.5 fl), (c) a macrocytic blood film (MCV
109.7 fl).
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Figure 4.28
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Histograms offrequency V5. ICV with n = 50 RBCs for (a) a microcytic blood film (MCV
73.7 fl), (b) a normal blood film (MCV = 85.5 fl), (c) a macrocytic blood film (MCV
109.7fl).
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Figure 4.29
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Histograms offrequency vs. ICV with n = 75 RBCs for (a) a microcytic blood film (MCV
73.7 fl), (b) a normal blood film (MCV = 85.5 fl), (c) a macrocytic blood film (MCV
109.7 fl).
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From the above histograms (i.e. Figures 4.27, 4.28, 4.29), it can be seen that a shift to the
left of the normal histogram exists for n = 25, 50 and 75 RBCs for the microcytic blood
film and a shift to the right of the normal histogram exists for n = 25, 50 and 75 RBCs for
the macrocytic blood film. Thus, with only 25 ICV values, a trend in the data is apparent.

A remaining issue to be resolved was to determine how many images need to be analysed
to obtain a valid result. It was decided to draw up histograms for each of three separate
images for the microcytic, normal and macrocytic blood films for n = 20 RBCs (Figures
4.30, 4.3J, 4.32).
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Figure 4.30
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(a)

IMCV = 34.13 fl

r

3
2

--

---------- \----------- 1

22

24

nn

«■ » I « ■» I----------- 1

1.-J I I...! I

t.iJ

26

32

36

28

30

34

I

I

n

I I I

I

38
40
ICV (fl)

I

I

I

42

I------------1------------\------------1------------

44

46

48

50

H-------- i-

52

54

56

(b)

iu
U.

1

r

6

-

5

-

4

-

IMCV = 38.74 fl

3
2

n

I»I

22

24

26

28

30

32

34

36

38
40
ICV (fl)

42

44

H------- h

n

46

48

H-------- 1-------- 1-------- 1

50

52

54

56

(C)

5 --

IMCV = 32.12 n

u. 3 +

2

n

1

22

24

26

H--------- 1---------1-

28

30

32

34

36

38 40
ICV (fl)

42

44

46

48

Histograms offrequency vs. ICV for a normal blood film (MCV
RBCs for images (a) rbcal63, (b) rbcal67 and (c) rbcaJ62.

269

50

=

52

54

56

85.5 fl) with n = 20

Figure 4.32
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Histograms offrequency vs. ICVfor a macrocytic blood film (MCV = 109.7 fl) with n = 20
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From the above histograms, it could be seen that there is a variation in the mean ICV value
between each set of images, though the trend in the histograms between the microcytic,
normal and macrocytic blood films was in general maintained, with the exception of Figure
4.30(c) which could be mistaken for a normal blood film. Thus, it was concluded that a
minimum of three images (i.e. 60 RBCs) should be analysed when establishing a mean ICV
[MCV].
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Discussion of trial 4.2.3.8
In this trial both normal and abnormal blood films were imaged. The volume was analysed
by obtaining an average of four values of the height of the base edge of a RBC. This gave a
threshold value which was subsequently used to obtain the volume of the RBC. Histograms
of frequency versus ICV (n = 100 RBCs) for AFM images of microcytic, normal and
macrocytic samples gave a satisfactory trend as shown in Figure 4.22. This new method of
thresholding the RBC is more accurate than the previous thresholding technique and will
be the method used in future trials.
Histograms of frequency versus height, width and surface area {Figures 4.23, 4.24, 4.25
respectively) showed a difference between the microcytic, normal and macrocytic blood
samples. However, this difference was most obvious in the histogram of frequency versus
ICV (Figure 4.22). Graphs were plotted of IMCV, average height, average width and
average surface area against MCV (Figure 4.26). IMCV gave the best straight line graph
with good separation between all three types of AFM images i.e. microcytic, normal and
macrocytic.
A trend was obtained in the data of histograms of frequency versus ICV for all three blood
sample types with only 25 ICV values (Figures 4.27, 4.28, 4.29). However, it was
concluded in the final trial that a minimum of three images (i.e. 60 RBCs) should be
analysed when establishing an IMCV, as although trends in the data were maintained with n
= 20 RBCs, there may be an occasional exception as was the case in Figure 4.30(c).
Thus, using the new thresholding technique to calculate ICV and measuring approximately
60 RBCs from three images, will give an IMCV which will correlate with MCV.
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4.3 Conclusions
This section of the project involved attempting to quantify AFM images of RBCs with the
available software. As the determination of MCV of the immobilised RBCs was the
primary requisite, each of the software packages available were examined in turn, with
SPMLab (Release 3.06) proving to be the most satisfactory of the packages, although it did
have inherent disadvantages also.
Initially, parameters under line analysis were examined in an attempt to find a parameter
which would correlate with MCV. Average height, width and depth of depression of the
RBCs were measured and it was found that the average height and width of the RBCs
correlated with the MCV (Section 4.2.1.1, Table 4.3; Section 4.2.3.8, Figures 4.23, 4.24).
EDTA blood films which were air-fixed only were used and RBCs measured were isolated.
To eliminate uncertainty in the results, rapidly air-fixed EDTA blood films were made
immediately on analysis of fresh EDTA samples with the Technicon. The average depth of
depression for the three types of blood film did not appear to follow a trend, although the
exact age of samples used for this trial was not known.
Line analysis also demonstrated that the background height in the blood film was
insignificant (Section 4.2.1.2) and also that overlapping RBCs were lying flat on the
substrate and that the underlying RBC was pushing up the overlapping RBC, implying the
absence of a ‘dead volume’ (Section 4.2.1.3). A stability trial on a sample image area,
imaged on day 1 and day 2.5 gave similar surface area measurements indicating stability of
an air-fixed EDTA blood film from day 1 to day 2.5 (Section 4.2.1.4).
Surface area measurements were also examined in an attempt to find a suitable parameter
that would correlate with MCV (Sections 4.2.2.1, 4.2.2.7). There did not seem to be a
correlation between the SAR per RBC result and the RBC size. This may have been due to
the background surface roughness which was used in the SAR calculation. It was found
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that once a blood film is made and fixed, the film is stable and thus the SAR per RBC is
stable (Section 4.2.2.5). Also, SAR per RBC calculated using images taken over a range of
times from various areas of an air-fixed EDTA film gave similar values (Section 4.2.2.6).
A correlation was found between surface area and MCV (Figure 4.25). Again, blood films
should be made immediately after analysis on the Technicon. A slight reduction in
measured surface area was obtained on changing the image resolution (Section 4.2.2.3).
When one images the same area of a blood film but changes the resolution for each image,
slight drift of the images was seen to occur (Section 4.2.2.4). To validate results, a
calibrated stability study was performed. It was decided that latex particles should be used
as in-situ calibrants when imaging RBCs in future trials, so as results can be taken as
correct (Sections 4.2.1.4, 4.2.1.5).
Finally, particle analysis was studied and a volume value was obtained for the RBC images
and subsequently an IMCV value calculated. EDTA blood films which were made and airfixed rapidly immediately after analysis of the sample on the Technicon were used. For the
initial thresholding technique used there was some correlation of results of IMCV with
MCV but there were variabilities involved in the technique (Section 4.2.2.1). These
included large error bars in thresholding same image and also error bars in measuring
IMCV of different images from same sample (Sections 4.2.3.2, 4.2.3.3). IMCV was found
to increase in value as RBC overlap increased, which would indicate trapped volume. It
was deduced from a graph of cumulative IMCV versus the No. of RBCs (Graph 4.4), that
50 individual RBC IMCV values were sufficient to measure in a blood film. The effect of
overlapping RBCs was examined in Section 4.2.3.4, and it was found that IMCV
measurements of images where there was slight overlap of RBCs and those where there
was overlap +++ gave similar values for IMCV 1 (i.e. volumes of individual RBCs were
measured). However, it was not possible to accurately measure the volumes of many RBCs
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in the overlapping +++ images due to the fact that there were only a few isolated individual
RBCs.
Individual RBC volumes was measured using two techniques (Section 4.2.3.5). The mean
cell volume values obtained using both methods were found to correlate well, with IMCVs
appearing to correlate with MCV.
However, thresholding the RBC is a very subjective exercise and where one decided to set
the threshold level, determined the volume value obtained for the RBC. Thus, to use
thresholding as a technique to measure IMCV, a standardised protocol should be followed
as to the stage the threshold level is set.
It was decided to threshold individual isolated RBCs using a value calculated from an
average of four height values of the base edge of a RBC (Section 4.2.3.7). Using this
protocol, a trend was seen for histograms of height, width, surface area and ICV of
microcytic, normal and macrocytic blood films (Section 4.2.3.8). When graphs were plotted
of IMCV, average height, average width and average surface area against MCV, IMCV
gave the best straight line graph with good separation between all three types of AFM
images i.e. microcytic, normal and macrocytic. With only 25 ICV values a trend was
obtained in the data of histograms of frequency versus ICV for all three blood sample types
(Figures 4.27, 4.28, 4.29). A minimum of three images (i.e. 60 RBCs) should be analysed
when establishing an IMCV.
A time delay making the blood film also had an effect on the IMCV, as expected, and for
optimisation a film should be made as soon after taking of the sample as was possible and
air-fixed rapidly (Section 4.2.3.6).
The AFM can also enable the detection of heterogeneity in the cell population studied, i.e.
size distribution. It can also be used to evaluate cell morphology.

275

Chapter 5
Imaging and Karyotyping Human Metaphase Chromosomes
with the AFM

5.1 Introduction
Chromosomes have been imaged with the AFM in the fixed state, as mentioned in Chapter
1, Section 1.7.3, where research studies to-date on chromosomes using the AFM were
reviewed. In this work, AFM imaging of chromosomes in their fixed state was studied with
the objective being to karyotype both normal and abnormal human metaphase
chromosomes. Karyotyping of human metaphase chromosomes using the AFM had not
been performed to date, although McMaster et al (1996b) did succeed in karyotyping plant
chromosomes from the cereal grass Triticum Tauschii using the AFM.
The chromosomes were prepared from human blood cultures, and immobilised and fixed
onto a glass substrate using the routine hospital procedure. On obtaining images of the
chromosomes with the AFM, the chromosomes were examined using line analysis and
metaphase chromosomes were then karyotyped for both normal and abnormal samples.
Results of trials performed are presented below.

5.2 Results and discussion
5.2.1 Preparation of chromosomes from human blood cultures using EDTA and plain
blood samples and their subsequent imaging by AFM
Metaphase chromosomes were prepared from human blood cultures using both EDTA and
plain blood samples. They were fixed on labelled glass-slides and examined under the
optical microscope. Slides were imaged with the AFM. (Method 2.7 "Preparation of
chromosomes from human blood cultures ”).

•

Under the optical microscope, metaphase chromosomes and interphase nuclei were
visible.
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Only one of a series of images taken i.e. Figure 5.1 (unshaded image) seemed to have a
chromosome. Images showed interphase nuclei and cell debris but not metaphase
chromosomes.

Figure 5.1
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(a) A top-view image of a chromosome sample, prepared using an EDTA sample and (b) a
three-dimensional image of a chromosome sample, prepared using an EDTA sample.

Chromosomes may be covered by a layer, which would not create a problem under the
optical microscope but would prevent them from being imaged with the AFM.
In this trial, metaphase chromosomes were not found with the atomic force microscope
as the metaphases are widely distributed on the slide. An attempt was made to mark the
glass-slide with marker underneath; as close as possible to the location of the
chromosomes. A marking lens was also used which stamped ~ I mm diameter circle on
the slide encircling a chromosome cluster, but locating the chromosomes with the AFM
remained a problem.
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•

Alternatives which could be used to mark and find chromosomes include using: (1) an
inverted microscope attached to an AFM; or (2) gridded glass-slides. However, neither
were available for this work.

Discussion of trial 5.2.1

Locating chromosomes on the glass-slide with the AFM was an issue when using
chromosomes prepared from human blood cultures using EDTA and plain blood samples.
Metaphase chromosomes were visible under the optical microscope but AFM images of
same were not obtained. This may be due to: (1) the type of blood sample used, (2) not
locating the metaphase chromosome area or (3) chromosomes may be covered with a layer
of for example cellular debris or fixative.
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5.2.2 Preparation of chromosomes from human blood cultures using lithium heparin
blood samples and their subsequent imaging by AFM

Using lithium heparin blood samples, chromosomes were prepared from human blood
cultures and fixed on labelled glass-slides (Method 2.7 "Preparation of chromosomes from
human blood cultures"). Slides were examined under the optical microscope, marked with
a marking lens and imaged with the AFM.

•

Under the optical microscope, metaphase chromosomes and interphase nuclei were
visible.

•

Areas within the marked circle were imaged and metaphase chromosomes successfully
imaged with the AFM {Figure 5.2(a), (b), (c), (d)).

•

Undulations in the chromosome three-dimensional profile appear to correspond to the
banding pattern obtained when chromosomes are stained (Figure 5.2(b)).

Discussion of trial 5.2.2

Metaphase chromosomes prepared from human blood cultures using lithium heparin blood
samples were successfully imaged with the AFM. A good spread of the chromosomes
where the chromosomes are well spread out is advantageous. However, one will generally
get some overlap of the chomosomes. There is also a possibility of some debris or artifact
being present which one wants to avoid. Three-dimensional profiles of the chromosomes
gives a series of undulations on their surface which appears to correlate with bands
obtained using banding techniques.
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Figure 5.2
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(a) AFM image (contact mode) of a metaphase spread of chromosomes prepared from a
human peripheral blood lymphocyte culture, using a Li Heparin blood sample. An intact,
non-mitotic lymphocyte nucleus is shown on the left, (b) three-dimensional image of a
chromosome, (c) line analysis of a short arm and (d) long arm of a chromosome.
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5.2.3 Karyotyping normal human metaphase chromosomes manually from an AFM
image
Metaphase chromosome images from the previous trial i.e. Section 5.2.2, were evaluated
and it was decided to karyotype the image Figure 5.2(a) as there was a good spread of
chromosomes with very little overlap. The image was enlarged and chromosomes were
numbered 1 to 46 (Figure 5.3). Chromosome short arm and long arm lengths were
measured using a vernier callipers (Table 5.1). Using a scissors chromosome images were
cut out and matched i.e. karyotyped, according to the length of the chromosome, position of
the centromere and the arm ratio (Figure 5.4). The karyotype was that of a normal human
male 46. xv.
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Figure 5.3
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AFM image 73 /am by 73 /am (contact mode) of a metaphase spread of chromosomes
prepared from a human peripheral blood lymphocyte culture of karyotype 46, xy. The
number beside each chromosome indicates the order in which the individual chromosomes
were counted and is not to be confused with the karyotype number.
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Table 5.1
Pair
No.

Description
of pair

1

Largest metacentric

2

Largest submetacentric

3

2

Largest metacentric

4

Large submetacentric

5

Large submetacentric

6

Medium/large

7

Medium/'large

8

Medium/large submetacentric

9

Medium/large submetacentric

10

Medium/large submetacentric

11

Medium/large submetacentric

12

Medium/large submetacentric

13

largest acrocentric

14

Largest acrocentric

15

largest acrocentric

16

Medium sized metacentrics

17

Medium/small submetacentric

18

Medium/small submetacentric

19

Small metacentric

20

Small metacentric

21

Small acrocentric

22*

Small acrocentric

Chrom.
No. on
imaee
24
19
23
22
43
12
32
2
14
21
25
3
8
33
46
39
15
20
13
36
9
42
27
11
1
38
29
30
28
17
31
6
34
37
40
18
44
35
4
16
45
5
7
10
26-X
41 - Y

Long arm
length (pm)
(q)
5.676
5.411
5.119
4.843
4.800
4.194
5.313
5.018
5.440
4.826
4.765
4.428
4.167
3.569
3.290
3.773
3.501
4.099
3.208
3.338
3.311
2.780
3.568
2.838
3.514
3.576
2.998
2.766
3.338
3.338
2.046
2.243
1.931
2.311
1.658
1.495
1.903
1.842
1.495
1.108
0.985
1.339
1.244
5.197
1.343

Total
Short arm
length (pm) Chromosome
leneth (um)
(P)
10.05
4.378
9.782
4.371
9.058
3.939
8.534
3.691
3.575
8.375
7.722
3.528
2.216
7.528
2.391
7.409
7.294
1.856
6.994
2.168
6.893
1.78
6.545
6.472
2.043
6.206
2.039
2.059
5.628
5.445
2.155
1.628
5.400
1.896
5.396
5.302
1.203
2.087
5.296
5.188
1.850
'
5.077
1.767
2.243
5.023
1.379
4.948
2.080
4.918
4.841
1.326
1.060
4.636
4.466
1.468
4.159
1.393
0.802
4.140
0.782
4.120
1.567
3.613
3.262
1.019
3.226
1.295
0.795
3.106
1.326
2.985
2.970
1.475
1.047
2.950
0.876
2.718
1.094
2.589
2.127
1.019
1.934
0.948
2.566
1.227
1.189
2.433
6.604
1.407
0.992
2.330

Arm
ratio

Group

1.27
1.30
1.26
2.40
2.57

>

B

2.67
2.10
1.63
2.08
2.47
1.84
1.91

2.70
3.07
1.31
2.22

> E

2.07
1.41
1.34

r

F

r

G

1.06
1.07
3.693
1.354

Normal human male metaphase chromosomes were paired numerically according to length
(with one exception : "^chromosome 22 is actually longer than 21); position of centromere
and arm ratio.
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Figure 5.4
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Normal human male kary’otype 46, xy; obtained using an AFM image taken in contact
mode.

Discussion of trial 5.2.3

Using an AFM image of human metaphase chromosomes, a karyotype was performed by
measuring the short arm and long arm lengths of each chromosome. Position of the
centromere was also taken into account as the centromere has a specific position for each
sub-division. Arm ratio i.e. long arm/short arm (q/p), was also calculated and used to a
limited extent to assist in karyotyping. In the occasional instance, it was difficult to obtain
an accurate short arm or long arm length measurement and hence arm ratio due to cross
over of another chromosome. The karyotype was that of a normal human male i.e. 46, xy
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5.2.4 Slide preparation of harvested abnormal human blood culture samples,
refrigerated at 4°C
Harvested abnormal blood culture samples were very kindly donated by the National
Centre for Medical Genetics. Samples had been stored in sealed tubes and refrigerated at
4 °C. Description and age of the samples were as follows:

Table 5.2
Patient Sample No.

Age

Description of Sample

95BM46

13 months

Bone-marrow. Metaphase may be sparse.
Deletion on Chromosome 6, on q arm.

95B67

12 months

Translocation 14-15. Robertsonian
translocation. 45 Chromosomes.

B75

12 months

Ring Chromosome 14. (Breakage and
refusion Chrom.l4. Forms a ring).

96

12 months

Small marker chromosome of unknown
origin. Implies 47 Chromosomes.

96B438

6 weeks

Down syndrome

96B378

6 weeks

Down syndrome
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6 weeks

Down syndrome

Abnormal blood culture samples used.

Sample pellet 96B438 necessitated breaking up. This was performed by gently tapping the
tube. Ice-cold, fresh fixative was added dropwise until the solution turned reddish brown,
mixing after each drop by gently tapping the tube. Volume was brought up to 10 ml. Tube
was capped and mixed by gentle inversion. It was allowed to stand at room temperature for
10 minutes. Tube was centrifuged at 1,200 rpm for 5 minutes. Pellet was washed twice with
8 ml offresh fixative. Tube was sealed tightly until ready to prepare slides. Slides were
prepared for all of the above samples in Table 5.3 as in Method 2.7.
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•

When fixative was added to sample pellet 96B438 to enable it to be broken up, it was
found that the solution did not turn reddish brown as stated in the method.

•

On examination under the optical microscope, metaphase chromosomes were found to
be clumped on the slides.

It was decided to increase the distance the cell suspension was dropped onto the
microscope slide, as perhaps 20 mm distance was not enough. Cell suspension was
dropped from higher distance ~ 80 mm.
•

Meiaphase chromosomes remained clumped on the slides when a distance of ~ 80 mm
was used to drop the cell suspension onto the microscope glass-slide.

As the mitotic index (crowding) was too high, it was decided to dilute the cell suspension
by adding a few more drops offixative.
•

Metaphase chromosomes were too spread out when a more dilute cell suspension was
used.

Discussion of trial 5.2.4
Metaphase chromosomes were found to be clumped on slides. Slides with diluted samples
were too spread out and clumped. This may have been due to the age of the blood culture
samples received. Thus, it was decided to use only fresh samples fixed on slides.
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5.2.5 Imaging and karyotyping a Down syndrome sample
A metaphase spread prepared from a human male peripheral blood lymphoeyte culture,
with Down syndrome was imaged by AFM in contact mode (Figure 5.5). The image was
enlarged and chromosomes were numbered 1 to 46. Chromosome short arm and long arm
lengths were measured using a vernier callipers (Table 5.3). Using a scissors chromosomes
were cut out and karyotyped according to the length of the chromosomes, position of the
centromere and the arm ratio (Figure 5.6).

Figure 5.5
(a)
G7.94 |jim

33.97 pim

0 [im
0 ^lnn

33.97 [Jim
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[Jim

(b)

252.4 nm
12B.2nm

0 nm
53.08 urn

53.08 [jim
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0

(a) Top-view image of a metaphase spread of a Down syndrome sample (47, xy+21), with
an intact, non-mitotic nucleus show on the right of the image. The number beside each
chromosome indicates the order in which the individual chromosomes were counted and is
not to be confused with the karyotype number, (b) Three-dimensional image of metaphase
spread of the above Down syndrome sample.
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Table 5.3
Pair
No.

Description
of pair
Largest metacentric

1
2

Largest submetacentric

Chrom. No.
on image

4
5

2

Short arm
length (pm)

(q)

(P)

6
42

7.738
6.579

6.151

40

6.015
5.664

46
3

Long arm
length (pm)

5.143
5.185

Total
Arm
Chromosome Ratio
q/p
length (pm)
12.88
12.73

1.28

11.20
10.24

1.16

9.982

1.56

23
9

6.011

4.581
3.971

6.133

3.795

9.28

Large submetacentric

47

6.483
6.807

3.370
2.944

9.853

Large submetacentric

2
4

6.515
6.742

3.016

9.531

43

2.653

9.395
9.157

Largest metacentric

2.11

9.751
2.35

6

Medium/large submetacentric

8
14

6.760

2.050

8.810

3.29

7

Medium/large submetacentric

10
1

5.635
5.957

2.870
2.419

8.505

2.21

8

Medium/large submetacentric

5.723
5.263
5.772

2.156
2.378
1.687

8.376
7.879

2.43

Medium/large submetacentric

3
48
34

5.735

Medium/large submetacentric

11
27

1.593
2.126
1.822
2.477
1.827

9
10

41
II

Medium/large submetacentric

12

Medium/large submetacentric

13

largest acrocentric

14
15
16
17
18
19
20
21

22*

largest acrocentric
largest acrocentric
Medium sized metacentrics
Medium/small submetacentric
Medium/small submetacentric

20
38
21
36
32
29
24

4.903
5.178
4.498
4.599
3.820
3.275
3.737
3.537
3.444

18
26
7
17

3.907

2.531
3.046
2.542
2.3432
2.097
1.499

7.641
7.458

3.51

7.328
7.029

2.57

7.00
6.977

2.16

6.426
6.35
6.321
6.279

1.54
1.49

5.880
5.541
5.406

2.12

3.421

1.675

5.096

1.78

3.052
3.796

2.015
1.2712

5.067
5.067

2.43

37

3.239

1.728

4.967

33
22

3.180
2.929

1.687

4.868
4.727

1.76

1.798

25

2.589

1.663

4.252

1.91

35

2.946
2.911

1.300
1.271

4.247
4.136

4.183

Small metacentric

15

2.144

Small metacentric

31
44

2.179

1.992
1.874

5

2.923

1.125

45
19

4.048
2.952

1.904

1.007

2.911

Small acrocentric

30
12

1.505
2.431

1.201
1.599

1.845

1.159

submetacentric

13
16-X
28 - Y
?39 Artifact

1.897
1.441

1.757

Small acrocentric

Group

4.053

1.68
1.88

2.706
4.030
3.004

1.55

7.540
0.9782

3.655
2.419

1.07

Down syndrome metaphase chromosomes were paired numerically according to length
(with one exception: chromosome 22 is actually larger than 21); position of the
centromere and arm ratio.
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Figure 5.6
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Karyotype of a Down syndrome, 47, xy+21; obtained using an AFM image taken in contact
mode.

Discussion of trial 5.2.5

An AFM image of a metaphase spread of a Down syndrome sample was successfully
karyotyped by measuring the lengths of chromosomes, noting the position of the
centromere for the various chromosome groups and to a limited extent using the arm ratio.
There was occasional cross-over of some chromosomes which made it difficult to
determine accurately the short arm and long arm lengths of the chromosome, although it
was possible to obtain the total chromosome lengths.
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5.2.6 Imaging and karyotyping a 45, xx, der (13,14) (qlO; qlO) patient sample
A metaphase spread prepared from a human male peripheral blood lymphocyte culture,
with the abnormality 45, xx, der (13, 14) (qlO; qlO) was imaged by AFM in contact mode
(Figure 5.6).

Figure 5.7
8B.25 [im

43.12 tJim

0 ^Im

0 urn

43,12 tJim

8G.25 [im

A metaphase spread of an abnormal human female peripheral blood lymphocyte culture
with karyotype 45, xx, der (13, 14) (qlO; qlO). The number beside each chromosome
indicates the order in which the individual chromosomes were counted and is not to be
confused with the karyotype number.

The image was enlarged and chromosomes were numbered 1 to 46. Chromosome short arm
and long arm lengths were measured using a vernier callipers (Table 5.4). Using a scissors
chromosomes were cut out and karyotyped according to the length of the chromosomes,
position of the centromere and the arm ratio (Figure 5.8).
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Table 5.4
Pair No.

Description
of pair

1
2
3
4
5

6

Largest metacentric
Largest submetacentric
2

Largest metacentric
Large submetacentric
Large submetacentric

Medium/large submetacentric

Chrom. Long arm
length (q)
No.
on image
(pm)

Short arm
length (p)
(pm)

Arm
Total
Chromosome ratio
q/p
length (pm)

27

5.419

3.049

8.468

1.53

21

3.560

18

4.596
4.392

3.253

8.156
7.644

1.90

16

5.151

2.060

7.211

33

3.618

3.579

7.197

1.13

45
9

3.668

2.927

4.143

6.595
6.479

2.10

40
41
19

4.513
4.712

2.336
1.862
1.629

4.79

1.392

6.181

7

3.910
3.077

2.143
2.817

6.053
5.894

1.46

3.557
3.099

2.303

5.860
5.844

1.33

5.435
5.380
5.264
5.264

2.70

5.220
5.098

1.98

4.913
4.579

1.98

1.773

4.452
4.402

1.51
2.56

1

6.375
6.341

3.16

Medium/'.arge submetacentric

46

Medium/large submetacentric

30
6

9

Medium/large submetacentric

32
39

10

Medium/large submetacentric

11

Medium/large submetacentric

20
5
3
4

Medium/large submetacentric

43
34

2.900
2.679

13
17
8

3.082

1.204

4.822
2.762

3.933
1.304

4.286
8.755
4.066

1.878
2.386
2.342

1.570
1.027

3.745
3.452
3.414

1.036

3.378

3.077
2.204

1.221

3.254

28

1.033

3.237

Medium/small submetacentric

38

2.248

0.933

3.181

2.09

1.950

Small metacentric

35
11

1.105
1.309

3.055
2.911

1.14

23

1.381

2.845
2.602

1.30

7

8

12
13

largest acrocentric

(der13,14)
14
15
16

Largest acrocentric
Largest acrocentric
Medium sized metacentrics

31
36
14
12
15

17
18
19

20
21
22
X
X

Medium/small submetacentric

2

3.651
3.088

2.745
1.784
2.292

3.082
3.762

2.182
1.502

3.458
3.397
3.397

1.762
1.701
1.516
1.679

1.602

r

D

1.19
2.29
2.33

Small acrocentric

25
22

1.232
1.729

0.652

1.287

0.8672

2.381
2.154

2.07

29

1.42

2.436

24

1.519

0.895

2.414

44

71.116

2.389

42

71.273
4.439
3.955

1.35
1.607

5.789

10

?37
\rtifact (debris) or possibly a
broken chromosome

J

1.23
2.11

26

submetacentric

B

C

Small metacentric

Small acrocentric

>

1.95

1.463
1.591

1.011
1.204

Group

2.87

5.562
1.911

Metaphase chromosomes of karyotype 45,xx,der(13,14)(ql0:ql0) were paired numerically
according to length (with one exception: chromosome 22 is actually larger than 21);
position of the centromere and arm ratio.
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Figure 5.8
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Karyotype of an abnormal metaphase spread, 45, xx, der (13,14)(ql0;ql0) obtained using
an AFM image taken in contact mode.

Discussion of trial 5.2.5
An AFM image of a metaphase spread 45, xx, der (13,14)(ql0;ql0) was successfully
karyotyped by measuring the lengths of the chromosomes using a vernier callipers, noting
the position of the centromere for the various chromosome groups and to a limited extent
using the arm ratio. Cross-over of some chromosomes made it difficult to determine the
short arm and long arm lengths of the chromosome and hence it was not possible to
calculate an arm ratio. However, it was possible to obtain the total chromosome lengths.
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5.3 Conclusions
A lithium heparin blood sample was found to be the best type of blood sample to use for
the preparation of chromosomes from human blood cultures. The chromosomes were
immobilised and fixed onto a glass substrate and a marking lens was used to mark the
glass-slide in areas which contained metaphase chromosomes, thus making the
chromosomes easier to locate with the AFM. Line analysis was performed on the
chromosomes. Measurements of the short and long arm lengths of chromosomes of both
normal and abnormal metaphase chromosomes were made. Arm ratios were calculated
where possible and position of the centromeres was noted. Karyotypes were subsequently
performed. It could also be observed from 3-D profiles that undulations on the surface of
the chromosomes corresponded to the bands obtained on chromosomes, when using
banding techniques.

294

Chapter 6
General Discussion and Conclusions

6.1 Introduction

The overall aim of this work was to investigate the application of the atomic force
microscope within the fields of haematology and cytogenetics with specific reference to
the quantification of red blood cells and human metaphase chromosomes. For such
applications, the atomic force microscope has a key advantage over conventional scanning
electron and optical microscopes, namely its images are derived from three dimensional
measurements and thus can be directly quantified.
The quantification of red blood cells forms the major part of this work as considerable
effort was required to develop procedures that would enable them to be immobilised and
imaged with the AFM. Once satisfactory red blood cell images were obtained, the work
concentrated on identifying the most appropriate quantification parameters that correlated
with MCV volume values for the free-flowing blood sample.
In the remainder of this work, imaging of human metaphase chromosomes with the AFM
was investigated. The routine hospital procedure for immobilising human metaphase
chromosomes was investigated and found to be sufficient to enable karyotyping using
AFM images.
The principal outcomes of these two applications are summarised below.

6.2 The immobilisation of red blood cells

The first method investigated for the immobilisation of RBCs for AFM studies was that
given by Butt et al. (1990) (Section 3.2.1). The method utilises poly-L-lysine to bind and
glutaraldehyde to fix the RBCs to microscope glass-slides. The published protocol was
unsatisfactory for AFM as the RBCs were completely buried in an optically transparent
layer. By omitting glutaraldehyde in the first step of the protocol, it was possible to obtain
AFM images of RBCs. However, the method was deemed to be unsatisfactory in that it
clearly deposited a coating onto the RBCs.
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In an attempt to obtain separated RBCs free from other types of blood cells and from
plasma, Nycoprep'^'^ - a relatively new media for blood cell separation - was investigated
(Section 3.2.2). Two gradients - Nycoprcp™ / PBS and Nycoprep™ / NaCl - were used to
separate RBCs. In both cases RBCs were separated by the gradients and subsequently
extracted. However, AFM images revealed that the immobilised RBCs were a mixture of
normal and abnormal morphologies. Accordingly, isolation of RBCs using Nycoprep™
was deemed to be unsatisfactory.

The suitability of the routine haematological blood film as an immobilisation technique for
AFM imaging of RBCs was then investigated (Section 3.2.3). A number of factors were
crucial in obtaining the correct morphology for the test samples. Firstly, an EDTA blood
sample was the sample of choice rather than a fresh blood sample as the EDTA
anticoagulant prevents the sample from clotting and also EDTA samples are easily
obtained from the hospital. Careful dilution and mixing of the EDTA sample was crucial.
Secondly, the blood films were air-fixed rapidly by waving in air. Alcohol fixation was not
used as it caused many RBCs to change their shape. Finally, it was important to make the
blood film as soon as possible after the taking of the blood sample as the number of
crenated RBCs increased with the time delay. Once a blood film is air-fixed, the RBCs
remain stable in size and shape over time.

6.3 Quantification of red blood cells
Immobilised RBCs were imaged in air by the AFM using contact mode. For 100 pm by
100 pm area images, an image resolution of 300 pixels by 300 pixels was found to be
sufficient for quantification purposes. Contact forces were minimised and analysis of
repetitive images confirmed that RBCs were not damaged by imaging. The images were
planar levelled before quantification. In order to investigate which physical parameters, if
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any, correlated with MCV values, image software was used to measure line, area and
volume dimensions of the immobilised RBCs.
The average height and the average width of RBCs were found to correlate with MCV
values (Figures 4.23, 4.24), whereas correlation was not apparent for the average depths of
depression. The depression in the RBC may be influenced by the hydrostatic forces
experienced during the making of the blood film. The viscosity of the RBC, which is
related in turn to the haemoglobin content of the cell, may also be a factor.
The second quantification parameter examined for the quantification of AFM red blood
cell images was RBC surface area. At the outset, it was thought that surface area ratio
[SAR] per RBC would be the more accurate parameter to compare with the MCV value as
it compensates for the background roughness. Unfortunately, the background roughness
variations observed for some samples prevented correlation using this parameter. However,
correlation between the average surface area of the RBCs and the MCV value of the
sample was obtained (Section 4.2.2.7). While the average surface area of the RBC can be
used to correlate with the MCV value, this can only be applied when the cells are of the
same general shape.
The final parameter examined was the mean volume of the immobilised red blood cells
[IMCV]. Most AFM images had some degree of RBC overlap. From line analysis and 3-D
profiles, it seems that overlapping RBCs appear to mould together. However, as the cells
may not collapse and mould completely, it would be unwise to calculate volumes for
overlapped cells.
IMCVs were measured using the particle analysis function of the software. This function
enables RBCs to be thresholded with a subsequent volume value being obtained for the
chosen threshold. Initially, the full image was thresholded and a volume value obtained for
the population of RBCs present. While there was a general correlation of IMCV, as
obtained from the global image, with MCV, there are a number of uncertainties.
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Relatively small variations in background create significant uncertainties in defining a
global threshold for the image, A further complication was finding well populated images
without overlap. These uncertainties were overcome by moving to volume analysis of
individual RBCs. The threshold for each cell was calculated, from an average of 4 height
values taken at the base of the RBC.
A clear trend is seen for histograms of volume, height, width and surface area of
microcytic, normal and macrocytic blood films (Section 4.2.3.8) when this new procedure
is used. A difference between microcytic, normal and macrocytic images can be seen from
the histograms of frequency versus height, width and surface area {Figure 4.23, 4.24, 4.25,
respectively) with the difference being more obvious in the histogram of frequency versus
ICV {Figure 4.22). Graphs of the microcytic, normal and macrocytic images for 100 RBCs
with IMCV, average height, average width and average surface area plotted against MCV
showed IMCV to give the best straight line graph, with good division between all three
types of blood film {Figure 4.26). A further analysis {Figures 4.27, 4.28, 4.29; Graph 4.4),
showed that at least 50 RBCs were necessary to obtain IMCV values and histograms that
were sufficient to clearly differentiate between the three cell conditions evaluated.
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6.4 Chromosomes
Human metaphase chromosomes were separated, immobilised and fixed onto a glass-slide,
having been previously prepared from human blood cultures. A lithium heparin blood
sample was found to give optimum results. The fixed chromosomes were then imaged in
air with the AFM using contact mode. Line analysis was performed on both normal and
abnormal metaphase chromosome images and each of the metaphase chromosome images
were subsequently karyotyped. AFM images of the chromosomes also provided threedimensional information on the chromosomes which was previously unavailable.
Undulations of the chromosome structure was also apparent from the AFM images and
these appeared to be equivalent to the bands obtained when using banding techniques.

6.5 Conclusion
Two biomedical applications of the AFM were successfully investigated in this work.
Firstly, a methodology to immobilise red blood cells [RBCs], image with the atomic force
microscope [AFM] and then quantify the images has been developed. The AFM has
proved to be an excellent technique for imaging immobilised RBCs and reveals the
morphological differences associated with various cell conditions which are routinely
examined with the optical microscope. As the images are derived from three-dimensional
measurements, RBC parameters are readily quantified. It has been shown that the
immobilised mean cell volume [IMCV] obtained using the AFM, correlates well with the
mean cell volume [MCV] obtained using automated blood cell analysers. Thus, the AFM is
able to provide in unison, morphological and quantitative data on RBCs that previously
demanded two separate techniques.
Secondly, the AFM has been used to image normal and abnormal human metaphase
chromosomes which were subsequently successfully karyotyped. The ability to
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successfully karyotype with the AFM is the key pre-requisite to detailed quantification of
chromosome morphology and fine structure.

6.6 Recommendations for future work
In relation to possible future work, combining an inverted optical microscope with the
AFM would enable the location of the areas of interest for imaging with the AFM. It would
then be possible to make direct comparisons between optical and AFM images. Specialised
software needs to be written to enable the automatic measurement of IMCV. Indentation
curves with the AFM tip offer the prospect of measuring internal cell viscosity which is
known to be affected by haemoglobin concentration. RBC membrane abnormalities in
disease could also be examined and the detection of antigen-antibody complexes on the
RBC membrane.
Software which would enable the automatic karyotyping of metaphase chromosomes also
needs to be written. The AFM could be applied to the diagnosis of various abnormalities in
the fine structure of the chromosome, for example Fragile X syndrome, detection of
Cryptic Translocations and Micro-deletions in chromosome structure.

6.7 Future prospects of the AFM
The AFM is now entering its second decade of life and is becoming an increasingly more
useful research tool. Information on structure, dynamics, mechanical properties, and force
interactions, all at the nanometre scale, are the benefits that AFM brings to the biomedical
field. The AFM is allowing both the investigation of old problems in new ways and the
posing of new questions that can now be answered with the new capabilities provided by
the AFM (Hansma et al, 1997).
Future developments in the AFM field are likely to focus on the technology of fabricating
various types of cantilever and tips, combination instruments and also on the methods of
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specimen preparation. Biological research efforts are likely to be concentrated on
determining high-resolution structure, probing mechanical properties and determining
force interactions; and monitoring biological processes and dynamics. Much progress has
been made in the application of AFM to the study of DNA, chromosomes and chromatin.
The applicability of AFM to structural studies will be enhanced by improvements in
sample

deposition

and

preservation

methods.

Capabilities

of

the

AFM

for

nanomanipulation will be exploited for single molecule gene mapping with resolution in
the 10 to 100 base pair [bp] range (Fritzsche et al, 1997). Possibilities will expand
significantly with advances in AFM instrumentation and integration of methods related to
AFM. Also, direct detection of forces between biologically or chemically functionalised
AFM tips and specimen surfaces is under development (Florin et al, 1994; Lee et al,
1994; Moy et al, 1994; Dammer et al, 1995, 1996; Gad et al, 1997; Razatos et al, 1998;
Shapiro and Qian, 1998) and may prove to be a new approach to detecting and measuring
intermolecular and intramolecular interactions.
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Appendices

Table 1
Blood Cell Values in a Normal Population
Women

Men
White cell count,*x 10Vpl blood
5.21 (4.52 - 5.90)
Red cell count,xlO^/pl blood
15.7(14.0-17.5)
Hemoglobin, g/dl blood
0.46(0.42-0.50)
Hematocrit, ratio
Mean corpuscular volume, fl/red cell
Mean corpuscular hemoglobin, pg/red cell
MCHC, ^dl RBC
Red cell distribution width, CV (%)
Platelet count, xloVp/ blood

7.8(4.4-11.3)'*'
4.60 (4.10-5.10)
13.8(12.3-15.3)'*''*'
0.40 (0.36 - 0.45)
88.0(80.0-96.1)
30.4 (27.5-33.2)
34.4 (33.4-35.5)
13.1 (11.5-14.5)
311 (172-450)

*The International Committee for Standardization in Hematology has recommended that the following units
be used (SI units): white cell count, number x lOMiter: red cell count, number x lO'Miter; and hemoglobin,
g/dl (dl=deci]iter). The hematocrit (packed cell volume) is given as a number, for example, 0.41, without
designated units. Units of liter per liter are implied. Mean corpuscular volume is given as fl (femtoliters),
mean corpuscular hemoglobin as pg (picograms), and mean corpuscular hemoglobin concentration as g/dl.
Platelets are reported as number xlO’/liter.
'‘^The mean and reference intervals (normal range) are given. Because the distribution curves may be
nongaussian, the reference interval is the nonparametric central 95 percent confidence interval. Results are
based on 426 normal adult men and 212 normal adult women, with studies performed on the CoulterModel
S-Plus IV.
‘‘^'‘'The mean hemoglobin level of blacks of both sexes and all ages has been reported to be 0.5 to 1.0 g/dl
below the mean for comparable whites.
(Beutler e/a/., 1995).

Table 2
Properties of Nvcodenz-NaCl Gradients
%(w/v)Nycodenz
Dilution ratio
Nycodenz:Diluent A
Observed osmolality
(mOsm)
Density(g/ml) 20°C
Refractive index

27.6
1:0

18.4
2:1

13.8
1:1

9.2
1:2

291

295

291

283

1.148
1.3784

1.098
1.3633

1.075
1.3563

1.050
1.3490
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Table 3
Potential Causes Of Erroneous Results With Automated Cell Counters

Parameter

Causes of Spurious Increase

Causes of Spurious Decrease

WBC

Cryoglobulin, cryofibrinogen
Heparin
Monoclonal proteins
Nucleated red cells
Platelet clumping
Unlysed red cells

Clotting
Smudge cells
Uremia plus immunosuppressants

RBC

Cryoglobulin, cryofibrinogen
Giant platelets
High WBC (>50,000/pl)

Autoagglutination
Clotting
Hemolysis (in vitro)
Microcytic red cells

Hemoglobin

Carboxyhemoglobin (>10%)
Cryoglobulin, cryofibrinogen
Hemolysis (in vivo)
Heparin
High WBC (>50,000/pl)
Hyperbilirubinemia
Lipemia
Monoclonal proteins

Clotting
Sulfhemoglobin (?)

Hematocrit
(automated)

Cryoglobulin, cryofibrinogen
Giant platelets
High WBC (>50,000/pl)
Hyperglycemia (>600mg/dl)

Autoagglutination
Clotting
Hemolysis (in vitro)
Microcytic red cells

Hematocrit
(Microhematocrit)

Hyponatremia
Plasma trapping

Excess EDTA
Hemolysis (in vitro)
Hypernatremia

MCV

Autoagglutination
High WBC (>50,000/pl)
Hyperglycemia
Reduced red cell deformability

Cryoglobulin, cryofibrinogen
Giant platelets
Hemolysis (in vitro)
Microcytic red cells
Swollen red cells

MCH

High WBC (>50,000/pl)
Spuriously high Hgb
Spuriously low RBC

Spuriously low Hgb
Spuriously high RBC

MCHC

Autoagglutination
Clotting
Hemolysis (in vitro)
Hemolysis (in vivo)
Spuriously high Hgb
Spuriously low Hct

High WBC (>50,000/pL)
Spuriously low Hgb
Spuriously high Hct

Platelets

Cryoglobulin, cryofibrinogen
Hemolysis (in vitro and in vivo))
Microcytic red cells
Red cell inclusions
White cell fragments

Clotting
Giant platelets
Heparin
Platelet clumping
Platelet satellitosis

From Combleet J:Spurious results from automated hematology cell analyzers. Lab Med /^.•509,1983.
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